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Foreword 

Since the education of aeronautical engineers at Delft University of Technology started 

in 1940 under tae inspiring leadership of Professor H.J. van der Maas, much emphasis has 

been placed on the design of aircraft as part of the student's curriculum. Not only is 

aircraft design an optional subject for thesis work, but every aeronautical student has 

to carry out a preliminary airplane design in the course of his study. The main purpose 

of this preliminary design work is to enable the student to synthesize the knowledge ob

tained separately in courses on aerodynamics, aircraft performances, stability and con

trol, aircraft structures, etc. 

The student's exercises in preliminary design have been directed through the years by a 

number of staff members of the Department of Aerospace Engineering in Delft. The author 

of this book, Mr. E. Torenbeek, has made a large contribution to this part of the study 

programme for many years. Not only has he acquired vast experience in teaching airplane 

design at university level, but he has also been deeply involved in design-oriented re

search, e.g. developing rational design methods and systematizing design information. I 

am very pleased that this wealth of experience, methods and data is now presented in this 

book. 

In the last twenty years of.university education for engineers much attention has been 

devoted to the fundamental sciences such as mathematics and physics. Recent years have 

seen a revival of the interest in "design" and a number of general textbooks have now 

been published on this subject. However, very few modern textbooks on the scienc~ and tne 

art of aircraft design, are available. It is my sincere hope that Mr. Torenbeek's book 

will contribute to a renewed interest in airplane design in many parts of the aeronauti

cal world, both inside and outside universities. 

In view of the immense increase of knowledge in the aeronautical sciences and engineering 

since the Second World War, it seems a formidable task, requiring much courage on the 

author's part, to write a textbook on airplane design. It is well-nigh impossible to deal 

with all problems of airplane design at the same depth and undoubtedly personal choice 

has to prevail in many areas with regard to the material to be presented. In my view, Mr. 

To.renbeek has made an excellent choice of his subjects, preserving a careful balance be

tween the presentation of a design manual and a general textbook on airplane design. 

This volume will therefore be a most worthwhile guide to everybody who in the course of 
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his professional training or c;areer, is interested in the initial design phase of air

plane projects, an activity which is very important for shaping the future of aviation. 

Delft University of Technology H. Wittenberg 

August 1975 Professor of Aerospace Engineering 
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Author's preface 

This textbook is intended to of·fer readers with a professional interest in airplane 

design a general survey of the layout design process. It contains a large amount of 

data and numerous methods which will be useful for carrying out the initial design cal
culations associated with the dimensioning of all major airplane parts. To a certain ex

tent it has the character of a design manual, but considerable attention is also devoted 

to qualitative background information. 

Several of the design methodologies and procedures presented have already appeared in the 

literature on the subject, while others have been developed recently by the author. They 

have been chosen on the basis of two criteria: they are not overdependent upon the state 

of the art and they give reliable results with a minimum of information. Most of the 

procedures have been extensively tested and considerably improved during the decade for 

which the author was responsible for students' design courses and projects in the Depart

ment of Aerospace Engineering of the Delft University of Technology. Emphasis is laid 

on conventional subsonic airplane designs in the civil category, i.e., broadly speaking 

the airplane types to which the American FAR Parts 23 and 25 and equivalent BCAR requir~ 

ments apply (light and transport-type aircraft). Although many of the aspects to be dis

cussed are equally relevant to V/STOL and military aircraft, other complicati.ng factors 

are involved in the design of these types, resulting in a radically ·different approach 

to the design process. The large variety of design specifications and configurations in 

these categories prohibits a general treatment. 

The author makes no apology for the fact that his approach to airplane design may be 

biased by a university environment, probably not the ideal one in which to carry out de

sign studies. The teaching of design in the aeronautical departments of universities and 

institutes of technology has, unfortunately, not kept pace with developments in industri

al design practice. Aircraft design and development have become a matter of large in

vestments, even in the case of relatively small projects. The manhours required have in

creased considerably in recent years and the time is almost past when a single designer 

could consider himself the spiritual father of a new type. 

In contrast with the increased sophistication to be observed in industrial design very 

few regular design courses at technological universities and institutes have been able to 

survive the process of continuous curriculum evaluation and revision. 

Although experienced designers in the industry may possibly be_the only authors qualified 

to write an authoritative textbook on airplane design, they are usually not in a position 

to devote enough of their time to a task which is not felt to be in the direct interest 

of their employers. The reader may therefore conclude that the present book will be most 
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useful for teaching and study purposes and for people who need a general introduction to 

the vast field of initial aircraft design and development, Nevertheless, some of thepro
cedures and data presented will certainly be of some assistance to design departments in 
industry. 

A knowledge of the principles of applied aerodynamics, airplane structures, performance, 
stability, control and propulsion is required to derive the utmost from this book. Its 

usefulness for degree design courses will therefore be greatest in later stages of the 

course. In the presentation of the individual subjects the need to balance design con

siderations is frequently stressed. This is particularly the case in the second chapter, 

where the initial choice of the general arrangement is discussed, the basis adoptedbeing 
a synthesis of many considerations of widely differing character. The main body of the 

book is devoted to the rationale behind layout de~ign and although estimation methods for 

lift, drag, geometry, etc. are considered essential parts of the design process, they 

have been brought together in a separate set of appendices with a limited amount of text. 
Considerable attention is devoted in all the chapters to the impact of airworthiness re

quirements on design and to subjects that have· been covered only very briefly by other 
authors. Particular emphasis is laid on the interior layout of }he fuselage (Chapter 3), 

a survey of the present and future potentials of aircraft engines (Chapter 4), system

atic design studies based on performance requirements (Chapter 5), and weight estimation 

methods (Chapter 8). The complex interaction of wing location, center of gravity range, 

and horizontal tailplane design is treated in Chapters 8 and 9. The consistentcollection 

of prediction methods for lift, drag and pitching moment estimation will, it is thought, 

be useful as a general survey and as a tool for wing design (Chapter 7) and performance 

calculations (Chapter 11). A large collection of statistical data, illustrations and 
diagrams is added to this presentation, which aims at providing the individual student/ 

designer or the small design team with reliable guidelines. For industrial applications 
some of the methods may have to be refined and/or extended. 

A large and systematic list of references to literature is presented, which will help the 

reader to find more information on the subjects specifically dealt with and on other re

lated subjects. As he glances through these references the reader's attention may be 

drawn to a particular subject that interests him, possibly stimulating him to add another 

innovation to the design synthesis of his project and thereby contribute to the overall 
quality of aircraft design technology. 
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In accordance with the convention used in publications such as Jane's All the World's 
Aircraft and Flight International, all data and most of the figures have been given in 

the technical unit system, both in British and metric units. Hence, lb and kg refer to 

pound and kilogram forces, respectively. An exception is made in Appendix J, where sea 

level data of the Standard Atmosphere have been given both in the technical and SI 
systems. 
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Preface to the student Edition 

Textbooks on the rapidly advancing subject of aircraft design tend to become 
obsolete within a few years. In spite of this the first edition has proved its 
value up to the present time, as a reference source for design efforts and 
publications in many places all over the world. 
It therefore pleases me that the publishers have decided to launch this new edition, 
aimed at an expansion of the market into the university classroom, thereby making 
the book affordable by many more individuals. 
This has given me the opportunity to further refine some of the methods and 
formulations, mainly on the basis of suggestions and comments of attentive students. 
In spite of the reduction in size, the contents are not abbriviated. 

Delft, May 1981 
E. Torenbeek 
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Chapter 1. General aspects of aircraft configuration 
development 

SUMMARY 

It is shown that there is an interaction between the development work for a new design 

·and the various factors determining the need for a new type of aircraft. Preliminary air

craft design is an essential part of this development phase; its aim is to obtain the in

formation required in order to decide whether the concept will be technically feasible 

and possess satisfactory economic possibilities. 

Attention is paid to the impact of the design requirements laid down in the initial spec

ification and the airworthiness regulations. General observations aimed at illustrating 

the aircraft design and optimization process are presented. 



1-1. INTRODUCTION 

In the pioneering era of civil aviation the 
aircraft designer had only a very limited 

choice. There was practically only one cat

egory of powerplant at his disposal, namely 

the - nearly always aircooled - piston en

gine, which gave very limited power. Either 

there were no aerodynamic aids to augment 

the lift of the wing at low speeds, or those 

that did exist were, for various reasons, 

seldom used, with the result that wing 

loadings were kept low and high speeds were 

consequently unobtainable. Low wing loading 

favored the biplane layout which, with its 
high parasitic drag, formed another obsta

cle to high speeds. Flight was rarely above 

10,000 feet ( 3, 000 meters) , since there were 

no pressurized cabins. During this epoch 

aircraft design was generally the work of 
one or a very few designers in each factory 
and the scope of development work for each 

new aircraft type was limited. In the twen

ties it was possible to design and produce 
a new aircraft for delivery to the customer 

within half a year, one of the reasons be
ing that series were relatively small. This 

enabled Anthony Fokker and his staff to 

build fourteen entirely different commer

cial designs during the relatively short 
period of eighteen years (1918-1936). 

But the'nature of aircraft project design 

has undergone a radical change since the 

Second World War. Development of the jet 

engine and subsequently the turbofan, now 
supplying a thrust up to about 50,000 lb 
(22,500 kg), has greatly widened the choice 

of powerplants. Transport aircraft now 

cruise at altitudes of 30,000 to 40,000 

feet (9,000 to 12,000 m) at speeds not far 

below that of sound. The takeoff and land

ing speeds of the largest aircraft have, of 

course, risen steadily and runways have 

consequently become longer and longer·, but 

means to call a halt to this trend have 

meanwhile proved technically feasible. 

Air transport has passed through an era of 

unprecedented growth. During the period 

from 1950 till 1970 the average yearly in

crease in the passenger-miles flown reached 

2 

14%, a growth figure which was only exceed
ed by the sale of plastics. The increase in 
transport productivity (payload times speed) 

of the largest transport aircraft has been 

equally impressive. In addition, modern 

aircraft have to satisfy an ever increasing 
number of'severe safety regulations, while 

economic requirements, resulting from in

tense competition, have steadily become 

more exacting, with the result that the de

velopment and construction of new types of 

aircraft - even relatively small ones - de
mand a very high capital outlay and entail 

considerable financial risk. An aircraft 

industry nowadays is generally unable to 

produce an entirely new type of aircraft 
oftener than once every 12 years (roughly), 

quite apart from the question of whether 

there is any need for more rapid replace

ment of existing types. An exception to this 

"rule" must be made for the giants in the 
aircraft industry, e.g. Boeing andMcDonnell 

Douglas, who are able to bring out one or 
two additional new designs during the same 

period. The sheer size and long leadtime of 

new projects have led various firms to 
share the risks by cooperation, while in 
Europe they have resulted in international 

joint ventures. 

Although new concepts have been and will 

continue to be proposed from time to time 

by talented designers, the time is past 
when a chief designer could be regarded as 
the spiritual father of a new type of air

craft. A possible exception to this might 

be made in the case of private aircraft and 

small transports. Preliminary design de
partments nowadays have staffs numbering 

some dozens to several ·hundreds of highly 

trained technicians and engineers and com

puting facilities have increased immensely, 

while some preliminary design teams even 

have wind tunnels permanently at their dis
posal. More manhours are now being invested 

in the project design phase than were for

merly spent on the entire detail design. 

Work in the design department has developed 

into a professional occupation, carried out 

in teams, with regular consultations be
tween specialists in various disciplines. 
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This does not imply that the man in ov2rall 

charge of preliminary design has himself to 

be a specialist. As will be shown further 

on, he must be able to take a wide interest 

in and have a sound insight into a great 

many disciplines related to design as a 

whole. 

1.2. AIRCRAFT DESIGN AND DEVELOPMENT 

Although the technical aspects of aircraft 

design form the subject of this book, it 

will be appreciated that this is not an ac

tivity carried on in remote offices by spe

cialists generating designs of any kind 

that may occur to their imaginations. There 

is close interaction between the develop

ment work for a new aircraft type and the 

other factors which together determine the 

growth of and/or changes in aeronautical 

activities. These interrelationships being 

different for the various fields of aero

nautics (passenger and cargo transport, 

business aviation, tourism, flying instruc

tion, etc.), we will deal with the matter 

by quoting a single example here. 

The development of new airliners has always 

been stimulated mainly by the growth of the 

traffic volume and the improvement of tech

nical and operational standards. Fig. 1-1 

is a scheme for allocating the various fac-

UNIT I PRODUCTION 

'----- COST I DEVELOPMENT 

tors contributing to the growth of air 

transport. Growth in air traffic sterns from 

reduction of fares, improved quality of the 

aircraft (speed, comfort) , increased busi

ness activity and growth of private incomes, 

aircraft capacity growth, increasing number 

of routes, increasing frequency on existing 

routes, and greater utilization of aircraft 

and ground facilities. The contribution of 

research and development to this process, 

indicated in the lower left-hand corner of 

the diagram, is unique because this block 

shows only output lines. Although the dia

gram is obviously a simplification of the 

real situation ~nd, at the same time, must 

not be considered as a control system*, 

it does indicate that aircraft development 

is a primary cause of growth. As a corol

lary to this, it is necessary in launching 

a new development program to appreciate the 

interacting effects of the "aeronautical 

environment 11 in advance and thereby ensure 

that there will be no conflict with the 

(future) needs of operators, passengers 

and the general public. Moreover a number 

of industrial constraints set limits to the 

feasibility of new projects, namely: 

a. the available project development organ

ization and production capacity; 

*For example, the role of the government's 

aeronautical activities has been omitted. 
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b. the technical and industrial knowhow re

quired for developing a new category of air

craft; 

c. the prospects as regards competition; 

d. the availability of adequate financial 

backing. 

The initiative for a design study does not 

always stem from any specific person (chief 

designer) or department (preliminary design 

office) and does not necessarily take the 

form of an order issued by the management. 

The idea is elaborated by the preliminary 

Fig. 1-2. Airplane design and development 

design department during an initial specu- first deliveries to customers will take 
lative design phase in a feasibility study. place. The information gathered during this 

The object of this conceptual design phase period generally leads to engineering modi
is to investigate the viability of the pro- fications, which will occupy the design of-

ject and to obtain a first impression of fice for a long time to come. 

its most important characteristics. After the first production series has left 

If the results seem encouraging both from a the factory, the company will continue to 

technical point of view and as regards the develop its product. These developments may 

market prospects, a decision may be taken take the form of an increase in the air-

to develop the design further in order to plane's transport capacity (stretching), 

initiate a new-design aircraft development installation of an improved type of engine, 
program (Fig. 1-2). Comparisons will be improvement of performance by introducing 

made with some alternatives, preferably on aerodynamic refinements, such as 11 Cleaning 

a systematic basis. The design that has up" the aircraft, etc. Successful aircraft 

scores the highest rating will be elaborated generally go through a process of growth 

in greater detail in the preliminary design which offers the customer a choice of a 

phase. A characteristic of this phase is number of variants, each suitable for a 

that modifications are made continuously specific transport assignment, and this con· 
until a decision can be taken to "freeze" siderably strengthens the company's ability 

the configuration*, and this marks the end to face up to competition. In Fig. 1-2 
of the preliminary design phase. If the these activities have been arranged in three 
market is considered likely to receive the groups: the confi~uration development* phase 
design favorably and finance for the proj- the detail design phase and the service en-

ect is assured, the management may give gineering phase. The first two of these 
permission for further development (go- have been taken as separate phases, since 

ahead approval). The subsequent phases of the decisions taken during the first stage 

detail design, construction and testing are still partly based on the statistical 

will lead to the granting of a Certificate probabilities that specific technical aims 

of Airworthiness and some time later the will be achieved and the actual construc

tion is only defined in broad general terms, 
*The expression "configuration" as used 

in this chapter refers to the general lay

out, the external shape, dimensions and 

other relevant characteristics. It is not 

intended to indicate the actual airplane 

configuration as characterized by the po

sition of the flaps, landing gear, etc. 
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whereas in the detail design phase the air

craft is designed "down to the last rivet" 

and the detailed production schedule is 

laid down. During this period the number of 

*Frequently referred to as "preliminary 

design ez:gineering". 
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I TECHNICAL DESCRIPTION I 

documents and drawings will increase rapid

ly and the development costs will show a 

nearly proportional rise. 

1.3. CONFIGURATION DEVELOPMENT 

The principal aim in this phase of design 
(Fig. 1-3) is to obtain the information 

required in order to decide whether the 

concept will be technically feasible and 

have satisfactory economic possibilities. 

In contrast to the detail design phase, 

neither the actual construction process 

nor the detailed production schedule plays 

a dominant part here. 

An important aspect of the entire develop

ment of a new type of aircraft is that it 

takes place in a succession of design cy

cles. In the course of each of these cy

cles the aircraft is designed in its en

tirety and investigation is carried out 

into all the main groups and airframe sys

tems and equipment to a similar degree of 

detail. The extent of this detailing stead

ily increases as the design cycles succeed 

each other, until finally the entire air

craft is defined in every detail. On the 
basis of the terminology given in Figs. 

1-2 and 1-3, the subsequent basic design 

stages might be designated as follows: 
a. conceptual design; 

b. initial baseline design; 

c. baseline configuration development; 

d. detail design. 

These design stages might also be referred 

to as the speculative design, the feasible 

design, the best conceivable design and the 

final hardware design cycles. A number of 

aspects of the first three of these design 

cycles will be further elaborated and dis

cussed in the course of this book. The con

ceptual design will be the subject of the 

second chapter. Chapters 3 through 10 dis-
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cuss the procedure followed in evolving an 

initial baseline configuration and consti

tute the main portion of this book. Chap

ters 11 and 12, finally, present a survey 

of several items which are related to fur

ther elaboration and presentation of a de

sign. Since the information on these items 

available elsewhere is abundant and exceeds 

the scope of our textbook, a representative 

choice has been made from the multitude of 

subjects, while some have been further e

laborated in the form of appendices. In 

view of the fact that the author has been 

mainly concerned with aspects of aerodynam

ic design and performance, it was decided 

to present methods required to estimate 

some aerodynamic and flight characteris

tics. 

1.3.1. The design concept 

In the initial phase the probable demand 

for a new type of aircraft is further 

specified with the aid of market surveys, 

further inquiries and discussions with 

potential customers. Market research forms 

a specialized discipline for which the 

large aircraft companies employ a separate 

department or office, while in smaller 

factories the work is often done by the 

design team. In either case, it is essen

tial that the designer or the design team 

is closely involved since there is no 

·sense in starting a design before the na

ture of the design requirements has been 

studied from all angles and a clear picture 

has emerged on which to base the general 

design philosophy. 

The market survey will lead to an initial 

specification which will mainly define the 

transport performance - payload and maxi

mum range, often also the cruising speed -

as well as the most re1evant field and 

climb performance, cabin arrangement·, air

frame services and equipment, etc. A deci

sion will also have Lo be made as to which 

set of airworthiness and operational re

quirements the design will have to comply 

with. Fig. 1-3 oversimplifies the situ~tion 

by presenting the airworthiness require~ 
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ments in a separate box whereas in actual 

fact they influence the entire development 

of the aircraft and are a dominant factor 

in every design decision down to the very 

last detail. Special attention is there

fore devoted to airworthiness requirements 

in a separate section at the end of this 

chapter. Prior to and also during the pro

ject, the designer will closely study oth

er types of aircraft or aircraft projects 

or certain design aspects which most close

ly fit the specification as regards the 

transport requirements. A summary and cri t

ical assessment are made of the principal 

data of competing designs, literature, pre

vious experience, etca 

Brainstorming sessions are arranged in or

der to generate "new and wonderful ideas", 

most of which will generally be discarded 

again. The reader will find some interest

ing creative attempts to stimulate new 

conceptions in Ref. 1-13, while Ref. 1-35 

presents a most fascinating account of the 

activities which take place in a large air

craft industry during the project design 

phase. Nevertheless it remains most unlike

ly that procedures developed during this 

extremely speculative first design phase 

will offer any-certainty of leading to a 

successful new conception. There is no real 

substitute for the originality of the en

gineer who is capable of forcing a break

through with a unique brainwave such as 

the monocoque construction, the sweptback 

wing, j~t engines at the rear of the fuse

lage (~ la Caravelle) , area ruling and 

other inspired innovations, sometimes 

generated in an environment where project 

design is engaged in only incidentally, if 

at all. Design concepts are therefore being 

developed continuously, while only very few 

actually result in a preliminary design and 

subsequent development program (Fig. 1-2). 

The conception phase will result in prelim

inary layout sketches of the kind shown in 

Fig. 1-4, including a summary of the prin

cipal characteristics and basic design 

philosophy on which subsequent design 

stages will be founded. Although hardly any 

thought has been given at this stage to 



details, a complete aircraft has already 
been put on paper and the designer may nave 
a strong feeling that it could be the an
swer. 

1.3.2. Initial configuration design and 
configuration variations 

Since design is not a deterministic process, 
particularly in the early stages in which 
the conception is realized, various solu
tions to attain the desired goal will pre
sent themselves. If it proves impossible to 

Fig. 1-4. Initial design con
cept of an ultra-short-haul 
airliner (30 passengers) 

weigh up the pros and cons and arrive a 
realistic answer, based on the intuition 
and experience of the designer(s), compar
ative studies will have to be undertaken. 
Since it will generally not be found fea
sible to transform all likely configura
tions into fully developed projects, a pa
rametric design phase, as shown in Fig. 
1-3, is often decided upon. This first en
tails the qevelopment of an initial base
line design (or point design), using rela
tively easily applied sizing methods, pro
vided these are availabl.,. In this book the 
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reader will find a number of these methods, 

based partly on theoretical interrelation

ships, partly on statistical material (see, 

for example, Chapters 5, 6 and 7). A com

plete layout is made of this baseline de

sign, showing three views and some princi

pal cross-sections. The next step is to 

check to what extent the characteristics 

and performance of the design will meet 

the design requirements. 

Changes are now made in this baseline de

sign, preferably in a systematic manner, 

following predetermined and clearly de

fined working rules. There will thus e

merge a family of designs which are easily 

comparable with each other as well as with 

the baseline design. The object of this 

exercise is twofold: first to improve t.he 

design where it does not meet the require

ments, and second to investigate the most 

likely possibilities and see whether other 

variants may prove a better proposal. It 

may also show that changes in the design 

requirements would yield a better overall 

balance. Although the diagram in Fig. 1-3 

suggests that the type of engine has al

ready been chosen before the initial base

line design has been put on paper, the pa

rametric design phase may nevertheless in

clude studies of variants with different 

types of engines and even a different num

ber of engines per aircraft. When a number 

of variants are studied, a systematic ap

proach is essential in order to obtain a 

sound basis for comparison. Although the 

absolute accuracy of the methods used 

should be as high as possible, the main 

objective is to differentiate between the 

designs. Final judgement at the end of this 

phase will result in a baseline configura

tion which, subject to approval by all con

cerned, will be chosen for further develop

ment. It can be presumed that this design, 

after detailed engineering, will probably 

meet the initial specification while, in 

addition, it will be the best conceivable 

design. On the other hand, in the absence 

of complete certainty as to specific aero

dynamic characteristics of the consequences 

of variations in weight as between differ-
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ent structural designs, the parametric 

study may not lead directly to a definite 

conclusion. In such an advent it is advis

able to consider whether it would not be 

better to carry out a further detailed in

vestigation of, say, two alternative con

figurations before an irrevocable choice 

is made. This point is treated more fully 

in Ref. l-38. 

To give some idea of the magnitude of this 

phase of a preliminary design, the initial 

baseline design of a small transport will 

require something in the order of several 

thousands of manhours, whereas the subse

quent design phase of variants and param

etric studies will demand a multiple of 

this. These figures will naturally show a 

considerable spread and will depend on the 

type of aircraft and on the extent to which 

the company is prepared to pursue the in

vestigation. A number of exa.mples of param

etric studies are given in this book (Sec

tion 5.5) and also in the references 

appended to Chapter 5. Examples of methods 

for estimating weights, aerodynamic charac

teristics and the sizing of tail surfaces 

can be found in Chapters 8 and 9 and in the 

appendices. 

1.3.3. Baseline configuration development 

During this phase the baseline design is 

further developed to a depth of detail 

which can be regarded as meaningful. Vari

ous sections of the design department will 

be called in to contribute to the aerody

namic design, the stressing of the main 

structure, design of the airframe systems 

and equipment, etc. At the earliest possi

ble stage a start is made with tests in the 

wind tunnel, while the external lines are 

determined and mockups showing the inter

nal layout of the fuselage, cable runs and 

installations, are built and all the re

maining tasks involved in arriving at a 

complete definition of the project are 

carried out. 

During the development of the baseline con

figuration, errors will be observed which 

have been made during the phases already 



described and which are usually caused by 

lack of data. Correction of these errors 

will entail corrections in the design which 

will have repercussions for all the disci

plines involved. 

Coordination during this phase will be the 

responsibility of the preliminary design 

department, for this team will be most 

familiar with the project and is conse

quently best able to visualise the conse

quences of the corrections. One of themost 

frequent jobs during this phase is the 

setting-up of a weight control program, 
particularly for those weight components 

which have been estimated solely on the 

basis of statistical matecial. These rec

tifying programs and corrections may in 

some cases be covered by feedbacks in Fig. 

1-3, but specific mention of them there 

has been omitted to preserve the clarity 

of the illustration. 

As soon as the project can be regarded as 

sufficiently mature and any doubts regard

ing its essential characteristics have been 

removed, the project manager may take the 

decision to freeze the configuration and 

this means the end of the preliminary de

sign phase. The characteristics of the de

sign are surr~arized in a technical descrip
tion which serves as a basis for discus

sions with potential customers. 

Some idea of the scope of a configuration 

development program can be obtained from 

Ref. 1-36, which gives the following in

formation concerning the Lockheed L-1011: 

nin the two years of the configuration de

velopment·, over two million man hours were 

expended to investigate various configura

tions and approaches to determine the op

timum design. More than 10,000 hours of 

testing have been completed in seven dif

ferent wind tunnels to establish the most 

efficient overall configuration''. 

1.3.4. The preliminary design department 

When the development of a new type of air

craft is to be undertaken, the general 

practice nowadays is to form a project 

group, containing not only preliminary de-

sign engineers but also experts in other 

disciplines, such as: 

- aerodynamicists who are directly con

cerned with the design of the external 

shape, 

- structural engineers, dealing with pre

liminary research into the overall struc

tural layout and carrying out the dimen

sioning and optimisation, 

- production experts and experts in the 

materials field who investigate what types 

of production methods should be adopted, 

- service experts, to ensure easy mainte

nance and overhaul, 

-weight engineers, whosf' job is to deal 

with the prediction and control of the 

weight (distribution) and moments of iner

tia, 

- engineers to design the flight control 

system and analyse flying qualities, 

- designers of airframe systems and equip

ment, and 

- financial and economic experts who are 

not only able to estimate the first and 

operating costs of the aircraft, but also 

keep a close check on the financing of the 

entire design project. 

Since this book does not deal primarily 

with the organizational aspect of project 
development, but rather with the technical 

aspects of airplane design, we will specify 

only the various tasks of the preliminary 

design team. Unlike the other departments 

of the design office, this team is perma

nently engaged in project work and its work 

mainly consists of the following activi

ties: 

- market analysis and the drawing-up of 

initial specifications for new types of 

aircraft in close cooperation with the 

sales department; 

- devising various solutions to a given 

design problem; 

- evaluation of different design proposals 

using preliminary design methods in order 

that decisions are taken on the basis of a 

sound assessment ~f the pros and cons; 

- setting up and coordinating detail re

search oriented on aerodynamical, struc

tural and other problem areas. These tasks 
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may be of a general character, such as the 

development of design methods for esti

mating drag, weights, etc., or project

oriented, such as the aerodynamic design 

of a flap system; 

- discussions with potential customers and 

(future) subcontractors for main compo

nents such as engines, landing gear, air

frame services, avionics, etc.; 

- assisting the sales department by supply

ing technical data; 

- making product development studies, aimed 

at increasing the utility of existing air

craft. 

1.4. THE INITIAL SPECIFICATION 

There is certainly no need to prove that 

sufficient material on a subject such as 

"market analysis aimed at the development 

of new aircraft" exists to warrant the 

publication of a separate volume. Thepres

ent paragraph will of necessity have to be 

restricted to a few general observations 

with civil aviation as their main back

ground. The example used will be an ini

tial design specification for a hypothet

ical short-haul airliner for 180 passengers 

in the all-tourist layout, referred to as 

"Project M-184". A design evaluation of 

this project can be found in Ref. 1-64; it 

was intended as a highly simplified exam

ple for the purpose of illustrating the 

design process in a series of lectures. An 

apology is due for the fact that most of 

the considerations which follow in the 

present section apply to this particular 

design, intended for introduction into 

service around 1980. 

In civil aviation the specification of a 

new aircraft type is generally drawn up by 

the manufacturer. Airlines are usually 

more content to evaluate projects offered 

to them for use on their own route network, 

though in a few cases they themselves have 

taken the initiative and written the spec

ification which they felt was required. 

The designer will, however, realize that 
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a project can only be justified when it is 

likely to find a worldwide market. A spec

ification issued by an airline will only 

be interesting provided it also appeals to 

competitors. It should also be rea.lized 

that operators do not necessarily possess 

the best insight into the technical capa

bilities and knowhow of the airplane manu

facturer. Nevertheless, there are examples 

of successful aircraft which have been de

signed to an operator's specification or a 

specification written with the customer's 

active cooperation (Viscount, Tristar and 

DC-10). All the same, the responsibility 

for the specification and the resulting 

project will still rest squarely on the 

shoulders of the aircraft manufacturer. 

This procedure is quite different from the 

case of military aircraft, where the spec

ification will nearly always be issued by 

the customer: the armed forces. 

The term "initial specification 11 , as opposed to 

the more detailed type specification of a design, 

is used here to emphasize that there is an inter

action between the technical design work and the 

development of the design requirements as a result 

of market analysis, engine development and various 

assessments during the development phase. 

1.4.1. The need for a new type of aircraft 

The following are some good reasons for 

initiating a new aircraft design: 

a. Existing aircraft are becoming either 

technically or economically obsolescent, 

and a new type may do the job better. New 

standards for equipment, maintenance, op

erational use, noise suppression, passen

ger comfort, etc. may make renovation of 

the operator's fleet desirable. 

b. Certain developments in trafficpatterns 

have created a need for new types of air 

transport. For example, the growth of 

traffic may, as explained in Section 1.2, 

result in a new class of (larger) trans

port aircraft, or new travel habits (home 

to work and back) may open up the possi

bility of a new class of commuter aircraf~ 

Air transport may fulfil the needs of de

veloping countries, where the infrastruq-



• NUMBER OF PASSENGERS IN AN ALL-TOURIST LAYOUT 

(SEAT PITCH 34 IN., .87 M): 180 OR MORE. 

CORRESPONDING DESIGN PAYLOAD: 20,000 KG 

(44,100 LB). AN UNDERFLOOR FREIGHTHOLD VOLUME 

OF AT LEAST 50M3 (1,762 CU.FT) WILL BE 

REQUIRED. STANDARD SIZE BELLY CONTAINERS ARE 

PREFERRED. 

• RANGE, WITH ABOVE MENTIONED PAYLOAD: 2,200 

KM (I, 200 NM) IN A HIGH-SPEED CRUISE, ATA 

DOMESTIC RESERVES. MAXIMUM RANGE (REDUCED 

PAYLOAD): 3,200 KM (1,726 NM) AT LONG-RANGE 

CRUISE TECHNIQUE. 

•MAX. CRUISING SPEED AT 9,150 M (30,000 FT) AL-

TITUDE: M • .82. DESIGN LIMITS: '\to • .85, 

VMO • 704 KMH (380 KTS) EAS. 

• FIELD LENGTH REQUIRED FOR TAKEOFF AND LANDING, 

ACCORDING TO AIRWORTHINESS RULES: 1,800 M 

(5,900 FT) AT SEA LEVEL, ISA + 20 °C (95 °F), 

AT MAXIMUM (CERTIFICATED) TAKEOFF WEIGHT. 

RUNWAY LOADING: LCN • 30, RIGID PAVEMENT, 18 

CM (7 IN.) THICKNESS. 

• REGULATIONS: FAR PARTS 25, 36 AND 121 . THE NOISE 

CHARACTERISTICS MUST SHOW AN IMPROVEMENT RELA

TIVE TO THE 1969 VERSION OF FAR PART 36 OF I 0 

EPNdB. 

Fig. 1-5. Initial specification of a hypothetical short-haul airliner for introduction 
into service around 1980 

ture is inadequate for surface transport. 

c. A new type of aircraft is built and 

tested in order to give added impetus to 

an important new technical development, 

such as a V/STOL demonstrator prototype. 

Since experimental aircraft nearly always 

lead to a financial loss, at least in the 

first stages, there will have to be govern

ment funding, e.g. in the form of a devel

opment contract. 

Manufacturers should be wary of aiming at 

filling the "gap in the market". That gap 

may well have remained unfilled for the 

simple reason that the need for an air

plane of the kind was insufficient. Another 

danger which should be warned against is 

the adoption of a particular technicalnov

elty which in itself may be a very clever 

achievement but is unlikely to contribute 

to profitable operation of the aircraft. 

Nevertheless, the design office will be 
continually involved in studies aimed at 

determining the potentialities of new 
technical developments and innovations. 

Any new type designed will have to be 

marketed in accordance with a properly 

thought-out time schedule. It is important 

to remember that if it is offered too early 

the production rate will increase too slow-

ly, resulting in a productivity loss on 

investments which the company has put into 

the project. A launching delayed too long 

may be equally disadvantageous, either be

cause the market has meanwhile been satura

ted by competitors' products or because the 

production line has to expand too fast and 

excessive manpower has to be (temporarily) 

hired and additional investments made. 

The initial specification shown in Fig. 1-5 

was drawn up for an airliner intended to 

augment and replace the current class of 

high-subsonic short-haul passenger trans

ports: the BAC 1-11, McDonnell Douglas DC-9 

and Boeing 737, and to some extent also 

aircraft designed for medium ranges: the 

Hawker Siddeley Trident, Aerospatiale 

Caravelle and Boeing 727. The category con

sidered does not include smaller aircraft 

such as the Fokker F-28 or the VFW-614. The 
aircraft mentioned above are powered by 

low-bypass turbofans and have a capacity 

of 80-120 passengers (short-haul) or 120-

180 (medium-haul). The need for a new type 
stems from the following considerations: 

a. The increased traffic volume requires 

larger-capacity aircraft. 

b. The new standard of passenger comfort 
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introduced by the wide-body jets will un~ 

doubtedly be extended to short-haul traf

fic. 

c. Reduction of noise production will be a 

prerequisite in the eighties. 

d. Technology improvements in the fields of 

high-speed and low-speed wing aerodynamics, 

new structural materials (composite struc

tures), lightweight avionics and improved 

flight control systems ,may be considered 

for application in this new aircraft cat

egory. 

In view of the large volume of short-haul 

traffic the market seems to offer scope 

for a new aircraft with smaller capacity 

as compared to the Airbus A-300, for ex
ample. 

1.4.2. Transport capacity 

When a new specification is being drawn up, 

the first step will have to be a forecast 
of the traffic and.the transport demand 

over the route sector concerned during the 

period under review. A technique commonly 

used here is a statistical analysis of the 

yearly growth percentage of the total dis
tance covered by passengers in terms of 

passenger-miles (passenger-kilometers).· On 

the basis of.an extrapolation of this 

growth percentage, the total transport de

mand for the period considered may be es

timated. Assumptions will next have to be 

made regarding the frequency of the flights, 
the average load factor and yearly utili
zation and from these the desired produc

tivity (number of passengers times block 

speed) can be deduced. A rule of the thumb 

sometimes used states that the most favor

able time between successive flights over 

a particular route is about equal to the 

time taken to fly the route. Hence, if the 

block speed increases, the frequency of the 

service should also be stepped up. The fol

lowing are some other aspects to be con

sidered: 
a. For a large capacity aircraft the oper

ating costs per aircraft-mile will be high, 

but those for a seat-mile will be low, 

since certain costs do not rise proportion-
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ally to the size of the aircraft, e.g. to

tal· salaries of the flight crew and the 

cost of avionics and certain services, and 

will therefore decline with each addition

al seat. 

b. A comparatively small aircraft will 
show a low cost· per aircraft-mile and its 

critical load* will be smaller than that 

of a large aircraft. This does not neces

sarily apply to the critical load factor 

(critical load/maximum load). 
Generally speaking, large aircraft are 

best suited to routes with high traffic 

density, provided the frequency of opera

tions is compatible with the market re

quirements. 

In drawing up the specification for the M-

184 project (Fig. 1-5), the following con

clusions were arrived at: 

a. During the 1960-1970 period short-haul 

traffic grew considerably, both in the 
United States and in Europe. A yearly 
growth of 15 percent, resulting in a 

doubling in five years, was no exception 

and the growth was even more marked during 

the 1965-1970 period. Charter traffic in 

fact underwent an explosive expansion dur

ing that same period, with growth percent

ages as high as 25 to 30. Factors which 

contributed to this growth were: regular 

tariff decreases, a rising level of pros

perity, and the greatly improved comfort 

of jet aircraft compared with other means 

of transport. 
b. A gradual decrease in the yearly growth 

can be.expected for the period 1975-1985 

as a result of a slackening-off or decline 

in the economy, a certain measure of satu

ration of the transport market, and una

voidable increases in tariffs. The latter 

are a result of the rapidly increasing 

costs of fuel and the measures which have 

to be taken to meet the certification re

quirements regarding noise levels. Assuming 

an annual growth of 10 percent for the 

years 1973-1980 the total yearly production 

*The number of passengers required to pay 

the cost of the flight. 



on short routes will have to rise to 195 

percent of the 1973 value, while during 

the first three years after the airplane's 

introduction the traffic demand will rise 

to about 250 percent. 

c. On very busy routes the Airbus A-300 

and possibly also the Trijets McDonnell 

Douglas DC-10 and Lockheed 1011 will take 

over a large share of the short/medium

haul traffic. On routes where the growth 

will be less progressive, however, the 

jump in capacity from current short-haul 

aircraft to the A-300 will probably be too 

great and there will be an opening for 

aircraft with a capacity some 80 to 100 

percent greater than that of the DC-9, 

provided it offers good possibilities for 

further growth. 

d. For the M-184 a capacity of at least 

180 passengers has been chosen for an all

tourist layout with a possible later 

"stretch'' to about 250 passengers, while 

the cargo holds require a total volume of 

at least 1800 cu. ft (50 m3). Compared to 

that of current airliners the passenger 

accommodation must show an improvement in 

the level of comfort, but this need not 

necessarily be achieved by the use of two 

aisles. A very close watch will have to be 

kept on the .economical consequences of an 

increased level of comfort. 

1.4.3. Design cruising speed and range 

The speed factor has constituted an out

standing contribution to the development 

of aviation; the aircraft has proved to be 

the only means of transport in which in

creased speed does not necessarily lead to 

an increase in fuel consumption. Although 

a fast means of transport will be attrac

tive to the passenger, the air transport 

companies in particular rate the speed 

element highly because, broadly speaking, 

it means that more trips can be made per 

day and production is increased. It is not 

only the cruising speed, however, that is 

important; equally vital is the time de

voted to taxying, takeoff, climb, descent, 

approach and landing, which means that the 

block speed is· a better yardstick than the 

cruising speed. Any new type of short-haul 

aircraft will have to possess a consider

ably higher cruising speed than the one it 

is intended to replace, in order to save 

the time needed for an extra flight. 

In the case of smaller general aviation 

aircraft the value of speed mainly depends 

on how the aircraft is used. A top execu

tive whose working hours are assumed to be 

extremely valuable will be prepared to pay 

considerably more for speed than the owner 

of a small utility aircraft which is used 

for tourism or in regions with an under

developed infrastructure where reasonable 

surface transport is lacking. 

In drawing up the specification for theM-

184 project (Fig. 1-5), it has been as

sumed that the design cruising speed must 

not be less than that of existing aircraft. 

In the high-subsonic speed bracket, how

ever, any increase in speed will consid

erably influence the external shape (angle 

of sweep, airfoil shape and thickness), 

generally resulting in an empty weight in

crement, extra development costs and in

creased fuel consumption. The extent to 

which the economic advantages of the high

er block speeds will outweigh these losses 

cannot be predicted offhand; this would 

have to be ascertained by a tradeoff study, 

which could also take into account the 

possibilities of recent developments in 

high-speed wing aerodynamics. 

In the case considered here a design Mach 

number of .82 in high-speed cruise has 

been chosen on the basis of conventional 

section shapes, while the possible gain 

resulting from the use of an advanced wing 

shape may be either the use of a thicker 

airfoil - and hence a lighter structure -, 

a larger wing span, or a higher economical 

cruising speed. 

As regards the choice of the design range 

of the M-184 it was concluded from a sur

vey of route distributions that a peak 

occurs for traffic on ranges of about 280 

nm (500 km), e.g. Los Angeles - San Fran-
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Fig. 1-6. Trends in the takeoff performance of civil aircraft (only trend-setting types 

have been plotted) 

cisco. Another peak, although less pro

nounced, is observed around 500 nm (900 

km). An aircraft designed to fly ranges be

tween 110 and 1,200 nm (200 and 2,200 km) 

will cover 87 percent of the traffic mar

ket. Although a decrease to 600 nm (1,100 

km) in the range for maximum payload may 

lead to a slight improvement in the direct 

operating costs at short ranges, 25 percent 

of the short-haul routes are longer and a 

considerable number of operators would not 

choose the aircraft. A design range of 

1,200 nm (2,200 km) at high-speed cruise 

was decided for the M-184. In view of the 

specified field performance there may be 

an opening for a version with increased 

all-up weight and fuel capacity to suit 

operators who require a longer range ver

sion and put less emphasis on low-speed 
performance. 
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1.4.4. Low-speed characteristics and field 

performance 

Two starting-points may be used for speci

fying the runway length for takeoff and 

landing: 

a. The aircraft is optimized for cruising 

flight. The shape and dimensions of the 

wing, as well as the cruising altitude, are 

so chosen that the fuel consumption is a 

minimum for the design range flown at the 

design cruising speed. The thrust of the 

engines will be based either on the re

quired climb performance or on the design 

cruising spee0 requirement. The takeoff and 

landing performance will now become more or 

less derived values and can be influenced 

only to a limited extent by the design of 

the flaps and the wheel brakes. The contin
uous growth in aircraft weight and conse-



quent increase in wing loading (Fig. 1-6) 

have resulted in increased takeoff dis

tances which have demanded a steady length

ening of the runways, in some cases and 

certainly at the principal international 

airports to as much as about 13,000 feet 

(4,000 m). The approach speeds for the 

landing have risen to 160 to 170 kts (300 

to 315 km/h), although the landing distance 

is not critical for most long-range trans

ports. 

Any further continuation of this trend 

would only be justified if adaptation of 

the aircraft to existing runways led to a 

considerable increase in operating costs 

and, moreover, the lengthening of the run

ways was environmentally acceptable. If we 

also take into account the 1969 require

ments regarding noise production (FAR 36) 

and a possible tightening up of these in 

the future, it would not appear very likely 

that future generations of transport air

craft will require any appreciable length

ening of runways which are now being used 

by aircraft like the DC-8, Boeing 707 and 

Boeing 747. 

b. The runway performance of the new de
sign will be adapted to the airports from 

which the future customer is now operating 

the aircraft that the: new product will have 

to replace. For a new short-haul aircraft 

this means that the runway length should 

not exceed that used for the category to 

which the DC-9, BAC 1-11 and Boeing 737 be

long and that the design of the landing 

gear should be adapted to the strength of 

these runways. Any increase in operating 

costs resulting from these requirements 

should be carefully watched and realistic 

data should be available when it comes to 

discussing the tradeoff between shorter 

runways and cost increase. The design study 

will therefore have to include an investi

gation into the effect of field require

ments on the design characteristics, direct 

operating costs and noise characteristics. 

that the majority of potential customers will be 

able to operate the aircraft from the runways now 

being used, provided that the runway Load Classi

fication Number at Maximum Takeoff Weight does not 

exceed 30 on a rigid pavement 7 inches ( 18 em} 

thick*. 

1.4.5. Other requirements 

a. The engine constitutes an important fac

tor in the reduction of the operatingcosts 

and its choice should be carefully matched 

to the aircraft. In the case of transport 
aircraft the design range is particularly 

important, while the noise level has to 

satisfy exacting requirements if restric

tions are not to be applied to the use of 

the aircraft. Fuel consumption has to be 

carefully watched. 

b. Much attention should be paid to an op

timum cabin arrangement to enable the op

erator to use different layouts. In general 

the distance between fixed partitions at 

the front and rear of the cabin should be 

as great as possible. 

c. Equipment and instruments. The specifi

cation will state the amount of NAV/COM e

quipment to be carried and its degree of 

duplication. This will result from discus

sions with customers and will be based on 

the mode of operation of the aircraft (VFR 

and/or IFR flights category of landings) , 

and a distinction will generally be made 

betwean standard and optional equipment. 

d. Construction, inspection and maintenance. 

Apart from the airworthiness requirements 

(Section 1.6) the specification will gen

erally also feature special requirements 

such as a fail-safe or safe-life design 

philosophy and a service life of the struc

ture, expressed in terms of the maximum 

number of flight hours or flight cycles or 

both. The manufacturing and production 

processes, etc., may also be subject to 
With a specified runway length for the M-184 project special requirements which can have far
(Fig. 1-5) of not more than 6,000 ft (1,800 m) at 

sea level (standard atmosphere) , it is anticipated * cf. Chapter 10.2 .1. 
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reaching effects when certain structural 

parts or even main structures are adopted 

from types already in use. A case in point 

is the Boeing 707, 727 and 737 family of 

aircraft all of which have almost identical 

fuselage cross-sections. 

e. Airframe services and noise level. The 

principal design requirements to be met by 

the air-conditioning and pressurization 

system are related to the air supply, tern

perature and degree of humidity, cabin 

pressure differential, etc. Noise levels, 

both internal and external, are also de

cided upon. Requirements may also be 

written into the specification with respect 

to the electrical, hydraulic and pneumatic 

systems, anti-icing equipment and possibly 

also the Auxiliary Power Unit (APU). 

1. 5. THE "CONTINUOUS THREAD" RUNNING 

THROUGH THE DESIGN PROCESS 

1.5.1. The iterative character of design 

The creation of an airplane configuration 
cannot be laid down in a universal, de
tailed procedure. However, some general 

characteristics of the design process may 

be amplified with the help of Fig. 1-7, 

I 
I 

l I I r ___ J _____ .., 
l--~ CHANGED 1 

I REQUIREMENT I L. _________ .J 

Fig. 1-7. General design procedure 
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which shows the principal phases schemati

cally. This diagram deals with technical 

and computational elements and could apply 

equally well to the design of other tech

nical products, unlike Fig. 1-3 which re

fers specifically to an aircraft develop

ment. 

An essential element of the design process 

is that it is always made up of iterations. 

After a trial configuration has been sub

jected to a first analysis of its charac

teristics (weights, mass distribut.ion, per

formance, flying qualities, economy, etc.), 
it will be seen either that it does not 
meet all the requirements, or that it does 

comply with them but improvements in some 

respects are possible. Only after a number 

of configuration changes have been incor

porated will the designer be able to de

termine whether the final configuration 

satisfies the requirements in every respect 

and may also· be regarded as the best con

ceivable design, bearing in mind the inev

itable uncertainties which are peculiar to 

the preliminary design phase. The conver

gence test has been incorporated in the 

diagram to indicate that a situation may 

arise in which, ~spite all the improve

ments made in the d~sign, no configuration 
can be found which entirely meets all re
quirements simultaneously. 

The reason may be that certain requirements 

in the specification and other constraints 

have proved to be contradictory or too ex

treme, taking into account the state of the 

art, or that the basic conception has not 

been chosen properly. For example, the de

signer may be confronted with a situation 

which, to ensure that the engines selected 

will supply the power required to keep the 

aircraft in the air after engine failure, 

would necessitate leaving a large part of 

the payload back at the airport. The con

vergence test in Fig. 1-7 is therefore a 

general indication showing whether the at

tempts to improve the design have brought 

it closer to the requirements or not. 



1.5.2. Searching for the optimum 

The search for the best conceivable design 

may be illustrated by a hypothetical case 

in which the quality of the design is 

judged on the basis of a single numerical 

criterium, referred to as the "merit func

tion" or "objective function". In the case 

of transport aircraft this may be the Di

rect Operating Costs (DOC, see Section 

11-8) at the design range but it may also 

be the Maximum Takeoff Weight. 

In Fig. 1-8 it has been assumed that vari-

N 

a: 
w 
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w 
:;; 
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~ 

DESIGN I 
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~~~· 
s"-

-- PARAMETER 1 

Fig. 1-8~ Graphical representation of de

sign optimization 

: 

ations in the design are limited to two 
independently variable parameters, such as 

the wing loading and the thrust loading. 

Each point on the diagram represents a 

fully defined design, the merit function 

of which can in principle be determined. 

In the case considered in Fig. 1-7 it is 

expressed as a percentage of the minimum 

value which can be obtained. The require

ments of the specification have been in

corporated in this overall picture as fol

lows: 

a. Requirements which sharply define the 

transport capacity and/or other aspects of 

performance should be used as a basis for 

the aircraft's general arrangement, layout 

and shape, serving as uniquely defined, ex

plicit conditions. 

b. Requirements which are put in the form 

of constraints in the sense of minima for 

flying speeds, maxima for the runway 

length, etc. appear as boundaries of the 

area within whic the design parameters 

may be chosen. 

In the shaded area we find those combJna

tions of the design variables for which it 

will not be possible to satisfy certain 

requirements laid down in the form of con

straints. In the example it can be seen 
that the trial configuration (point A) lies 

in the region of unacceptable combinations. 

However, all requirements can be met by 

changing just one parameter, although at 

the cost of a less favorable merit function 

(point B). If the second parameter is now 

also changed (point C), we find that the 

merit function has been improved. Point D, 

where one of the limitations is tangent to 

the line of the constant merit function, 

indicates the combination with which all 

requirements can be met and, at the same 

time, the most favorable assessment ob

tained. Nevertheless, the designer may de

cide to choose point E for the final con

figuration since in general the positions 

of the design boundaries are still subject 
to some doubts and design E offers a cer
tain margin which considerably reduces the 

risk of crossing the borderline. 

Although the "absolute optimum" (point 0) 

is of no immediate importance in the case 

under review, it may still be useful to ex

plore this design in somewhat greater de

tail, because the difference between the 

merit functions of designs D and 0 is an 

indication of the price that has to be 

paid for a requirement which makes it im

possible to achieve the theoretical abso

lute optimum. If this disadvantage were to 

prove serious, the incorporation of more 

advanced techniques might be considered, 

enabling the designer to approach the op

timum more closely. Although it is true 

that these will generally lead to an in

crease in development costs and influence 

the overall evaluation, the result might 

well be a saving in operating costs and/or 

an increase in productivity. 

Another approach might be a certain relax-
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ation of the critical requirement in the 

specification, assuming this relaxation is 

likely to be less harmful than radical ad

aptation of the aircraft to the extreme 

requirement. In such a case a special ver

sion of the design, suitable for a partic

ular type of operation, may be worth con

sidering. 

The example in Fig. 1-7 is essentially a highly 

simplified picture of the actual world of the air

craft designer. The method outlined is nothing more 

than a tool to arrive at a better justification for 

2 

3 

4 

5 

6 

7 

decisions. An aircraft is never evaluated on the 8 

basis of a single quantifiable criterion, while the 9 

number of variable parameters will always be much 

larger than two. For instance, increasing the fuse

lage diameter will generally lead to greater com

fort and increase the passenger appeal with a pos-

sible increase in yield, but it will also increase 

the empty weight and the drag and hence the oper- 11 

ating costs. It will be almost impossible to find 

a way out of this dilemma without relying upon the 

sound judgement of the designer. 

1.5.3. A suggested scheme for preliminary 

design 

In the above we have made no reference to 

how a designer lays out a trial configura

tion and how he introduces changes. When 

the design problem lends itself to quan

tification so that the survey given in Fig. 

l-8 can be calculated, the problem may be 

tackled by means of a computer program. 
Routine calculation can be done very quick

ly, but the designer will have to monitor 

the program. This procedure is gaining pop

ularity in most large companies which un

dertake costly projects. In Great Britain 

the Royal Aircraft Establishment also has 

a facility of this kind at its disposal. 

In many other cases, however, it will be 

desirable to lay out a trial configuration 

using relatively simple procedures and 

statistical/analytical relationships which 

approach the optimum reasonably closely. 

Further investigation may then be limited 

to the introduction of relatively minor 

cha~ges which do not affect the design 

very drastically, provided the original 
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Fig. l-9. Survey of the initial baseline 

configuration design 

concept was right. 

This book has been composed in such a way 

that the reader will be able to use this 

simplified procedure with the help of the 

methods presented in the text. Not only 

will he find the necessary formulas andre

lationships, but his attention will also be 

drawn to considerations which precede de

cisions. No attempt has been made to 

streamline the design process as such, al

though the sequence of the chapters does 

show some affinity to the continuous thread 

that runs through the design process for a 

conventional subsonic transport aircraft. 

This is illustrated in Fig. 1-9, subject to 

the following reservations: 

a. The diagram, although representative in 

character, does not possess universal ·va

lidity. Designers do not always consciously 

work according to a set program. 



b. During the design process assumptions 

will repeatedly be made which will later 

have to be verified and, if necessary, cor

rected until the results agree with the as

sumptions. To preserve the clarity of Fig. 

1-9 the number of such iterations ("feed

backs") has been drastically limited. 

c. Some of the procedures indicated may not 

be required for a particular design . It 

will, for instance, be up to the designer 

to decide whether he will make use of t he 

systematics to determine the wing loading 

and engine thrust (power) discussed in 

Chapter 5. 
A diagram comparable to Fig. 1-9 but com

piled for use in a .computer program will 

be found in Section 5.5.2. (Fig. 5-18). 

1.6. IMPACT OF CIVIL AIRWORTHINESS REQUIRE

MENTS AND OPERATIONAL RULES 

1. 6. 1. General 

Airworthiness Requirements , Operational 

Rules and other regulations are framed by 

national governments and imposed on air

plane manufacturers and operators in order 

to guarantee the general public a certain 

level of safety. These rules have a far
reaching influence on the design of the 

structure, systems, installations , perfor

mance and fly i ng qualities of aircraft . 

To begin with, the designer will have to 

make the correct choice of the airworthi

ness code to which the airplane will be de

signed, particularly when an international 

market is envisaged . He must realize that 

rules differ from country to country and 

that distinctions between various airplane 

categories and types of operation have to 

be observed. The purpose of this section is 

to give some insight into the most relevant 

criteria on which he can base ~is choice . 

Emphasis will be placed on the following 

rules: 

a. FEDERAL AVIATION REGULATIONS (FAR), 

issued by the Federal Aviation Administra

tion (FAA), an office of the Department of 

Transportation of the United States ofAmer-

ica; 

b. BRITISH CIVIL AIRWORTHINESS REQUIREMENTS 
(BCAR) , issued by the Civil Aviation Au

thority (CAA) of Great Britain. 

Several other countries have drawn up sim-. 

ilar rules , but there are always more or 

less troublesome differences, leading to 

confusion and extra costs when an attempt 

is made t o satisfy different rules simul

taneously. In view of the considerable e

conomic impact of these requirements, e ·f:

forts have been made and wi ll continue t o 

be made to arrive at greater uniformity. 

In the past the International Civil Aviation Or

ganization (ICAO) has attempted t o promote inter

national requirements . . For example, a well-known 

requirement was ICAO Circular 58-AN/ 53 : "Provision

al Acceptable Means of Compliance, Aeroplane Per

f o rmance", date d 1959. These have not be en gener

ally accepted and only one type of aircraft, the 

Fokk.er F-27 (Fig. 1-lOa), was certificated accord-

a. A 11large" aircraft: the Fokker F-27 Friendship 

(Maximum Takeoff Weight 45,000 1b) 

b. A " light" aircraft : the Scottish Aviation Jet

stream (Maximum Takeoff weight 12 ,499 lb = 5 ,670 kg) 

Fig. 1-10. Examples of large and light air

craft 

ing to these performance rules, after adoption of 

the code by the Dutch Civil Aviation Authority 

(RLD). 

In this secti on only those i tems will be 

reviewed which may affect the design of the 
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COUNTRY (BUREAU) UNITED STATES OF AMERICA (F .A.A.) GREAT BRITAIN (C.A.A.) 

AlRPLAJIES nRFORMANCE GROUP SHALL GENERALLY LIGHT LARGE 

LARGE c:aoup 
C, ·D, E, A KAX.. TAKEOFF WEIGHT ' 12,500 LB :S: 12,500 LB 

~ 12,500 LB >12,500 LB 

NORMAL, UTILITY NON-, SEMI- AND 
NON-AEROBATIC 

CATEGORY ACROBATIC AND NORMAL TRANSPORT AEROBATIC 
AGRICULTURAL (RESTR.) AGRICULTURAL 

NUtiiER OF ENGINES ONE OR )I)RE TWO OR PI>RE TWO OR HORE ONE OR HORE TWO OR !«JRE 

CLASS ALL PROPELLER ALL ALL ALL 
TYPE OF ENGINE TYPES* ENGINES ONLY TYPES* TYPES* TYPES* 

FLIGHT 
HINIHUH 

ONE OR MORE Tl«l TWO OR N>RE ONE OR I«)RE TWO OR ltJRE 

<20 PASS.: NONE <10 PASS.: NONE 
CREW CABIN ATTENDANTS NONE ~20 PASS.: ONE $:10 PASS.: ONE - -

OR }I)RE 

HAlt. NUMBER OF OCCUPANTS 10 II THRU 23 NOT RESTRICTED - NOT RESTRICTED 

MAX. OPERATING ALTITUDE 25,000 Fr 25,000 FT NOT RESTRICTED NOT RESTRICTED NOT RESTRICTED 

HAl(. DESIGN DIVING SPEED NOT RESTRICTED 300 KTS/H =, 6 NOT RESTRICTED 

APPLICABILITY *rec:1procat1ng,turboprops, -Jets and -fans 

AIRWORTHINESS STANDARDS AIRPLANES FAR PART 2] SFAR PART 23 FAR PART 25 SCAR SECTION K SCAR SECT lON D .. .. ENGINES " )) FAR )) )) c " " c 
" " PROPEUERS " " 35 " " 35 " " 35 " " c " " c 

NOISE STANDARDS PROP. DRIVEN: " " )6 - -FAR PART 36 APPENDIX F 

GENERAL OPERATING AND FLIGHT RULES FAR PART 91 FAR PART 91 FAR PART 91 
LAlD DOWN IN 

~ DOMESTIC, FLAG AND SUPPLEMENTAL - - FAR PART 121 i!i COHH. OPERATORS OF LARGE AIRCRAFT AIR NAVIGATION 
;:: AIR TRAVEL CLUBS USING LARGE AIRCRAFT - - FAR PART 12) 
~ AIR TAXI AND COHH. OPERATORS FAR PART 135 - REGULATIONS 
~ 
" AGRICULTURAL AIRCRAFT FAR PART 1)7 - -

-----'-· 

Table 1-1. Classification of aircraft categories in the American and British airworthi
ness requirements 

aircraft in the preliminary design stage. 
Obviously, this summary is not a substi
tute for study and consultation of therel
evant airworthiness requirements. Designers 

are also advised to take due notice of the 
FAA Advisory Notes, which are intended as 
explanatory information to prevent misin
terpretation of the regulations. 

Airworthiness requirements sometimes do not 
cover new developments in civil aviation, 

while in other cases changes in the regula
tions are to be expected in the future. All 

rules are subject to continuous revision 
and the authorities should be consulted in 
connection with any particular problem ar

eas that are not covered by current legis
lation. In many cases the design must in
corporate provisions for (retro-)fitting 
changes which may be required by the regu
lations during development and production 
and sometimes even after the start of serv
ice. 
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A choice must be made of the group, cate
gory or class of aircraft to which the de

sign will belong. The upper part of Table 
1-1 shows the division of aircraft into 
groups while the lower part lists the ap
propriate American and British requirement~ 
The most relevant point to note in this 

· table is that civil aircraft are classified 
as "light" (U.K.) or "small" (U.S.) when 

their Maximum (certificated) Takeoff Weight 
is less than 12,500 lb (5, 700 or 5, 760 kg)·. 

An impor.tant class of light aircraft is 
formed by the feeder liners and twin-en
gined business (executive) aircraft of 
12,499 lb Maximum ·Takeoff Weight, an ex
ample of which is the Scottish Aviation 
Jetstream (Fig. 1-10b). "Large aircraft" -

for the purpose of airworthiness standards -
have a Maximum (certificated) Takeoff 
Weight of more than 12,500 lb (5,700 or 

5,760 kg). The division ·into categories in 
Table 1-1, as used with respect to certi
fication, indicates a grouping of aircraft 
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77 

F AIR TRAFFIC AND GENERAL OPERATING RULES: 
General Operating and Flight ·Rules 91 
Special Air Traffic Rules and Airport Traffic Patterns 93 
IFR Altitudes 95 
Standard Instrument Approach Procedures 97 
Security Control of Air Traffic 99 
Moored Balloons, Kites, Transport of Dangerous Articles, Parachute Jumping, 

G CERTIFICATION AND OPERATIONS: AIR CARRIERS, AIR TRAVEL CLUBS, AND OPERATORS FOR 
COMPENSATION OR HIRE: 
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Rotorcraft External-Load Operations 133 
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Table 1-2. Subdivision of FAR requirements 

based upon intended use or operating limi
tations. 

1.6.2. Federal Aviation Regulations 

The FAA Regulations are divided into Sub
chapters, each containing one group of sub
jects, and these are further subdivided in
to Parts, as exemplified by Table 1-2 .. For 

practical purposes, the FAA issues these 
Parts in a Volume system, each volume con
taining one or more Parts. Subchapters A, C, 
F and G are of particular interest t0 the 
designer. It is useful to note the follow
ing distinction: 

a. Certification Rules and Procedures (Sub
chapter C), relating to the airworthiness 
aspects of aircraft, irrespective of the 
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manner in which they are operated. For ex

ample: rules are established for defining 

and measuring the landing distance, but no 

criteria for deciding whether the aircraft 

can be used on the particular airfields 

considered are given here. 

b. Operating and Flight Rules (Subchapters 

F and G), specifying conditions to comply 

with certain types of operations, relating 

the takeoff and landing distances required 

to the available runway lengths, etc. Al

though these rules have no direct conse

quence for the airworthiness of a particu

lar type of aircraft, the designer must 

appreciate the interaction between the Op

erational and Flight Rules in order to de

sign the aircraft so that it fulfils its 

task. Some examples are given below. 

1. Part 121 contains criteria for minimum 

fuel supply (Pars. 121.639 to 121.647), 

particularly the reserve fuel required for 

holding, diversion, etc. of transport air

craft. These rules have a considerable im

pact on payload-range characteristics and 

hence on operating economy (cf. Section 

11. 8). 

2. In Paragraphs 121.185 and 121.195 it is 

stated that upon landing at a destination 

airport each transport aircraft must come 

to a full stop within 60% of the effective 

length of the runway from a point 50 ft 

(15.24 m) above the runway. 

3. Part 135, applicable to Air Taxi Opera

tors and Commercial Operators of small air

craft, defines a category of "small air

craft" different from the one mentioned 

previously. This refers to a class of air

planes, operated under an individual exemp

tion and authorization of the Civil Aero

nautics Board (CAB) or under the exemption 

authority of the Economic Regulations of 

Part 298 (Ref. 1-86). In this particular 

context a "small transport aircraft" means 

a multi-engined aircraft having a maximum 

passenger capacity of 30 seats or less or 

a maximum payload of 7,500 lb (3,400 kg) or 

under. The operational requirements for 

this particular category are greatly sim

plified in relation to the transport cat

egory. The British Short SD 3-30 feeder lin-
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er is an example of an aircraft designed 

to these particular American regulations. 

4. Aircraft with more than 9 passenger 

seats have to be operated with at least 

two pilots. When category II operations 

(cf. FAR Part 97) or operations in IFR con

ditions are conducted, a second-in-command 

pilot is also required. Aircraft with 8 

passenger seats or less may be operated 

with a pilot's seat occupied by a passenger 

if appropriate measures are taken to ensure 

that the passenger cannot interfere with 

the pilot's actions. A flight attendant is 

required when 20 seats or more are in

stalled 

1.6.3. British Civil Airworthiness Require

ments 

The British Regulations are published in 

sections which are comparable to the FAR 

Parts or combinations of Parts. Operating 

Rules are laid down in separate Air Navi

gation Regulations, which will not be re

viewed here. The subdivision of require

ments according to subjects is compared 

with the American equivalent in Table 1-3. 

SECTION REQUIREMENT AMERICAN EQUIVALENT 

A PROCEDURE SUBCHAPTER B 

c ENGINE AND PROPELLER PARTS 33 AND 35 

D AEROPLANE* PART 25 

E GLIDER PART 21 + GLIDER 

CRITERIA HANDBOOK 

G ROTOR CRAFT PARTS 27 AND 29 

J ELECTRICAL PARTS 37 AND 41 

K LIGHT AEROPLANE PART 23, SFAR PART 

23 (PART 135, App. A) 

L LICENCING SUBCHAPTER D 

R 
I 

RADIO PARTS 37 AND 41 

* LARGE AEROPLANES 

Table 1-3. Subdivision of BCAR requirements 

To the preliminary design engineer of Brit

ish aircraft the following subdivision in

to performance groups is the most signifi

cant: 

Group A- aircraft that, following apower-



unit failure, are not forced to land. 

Group D - aircratt that, following an en

gine failure, are not forced to landafter 

takeoff, during initial climb or when fly

ing·on instruments has started. 

Group C - aircraft whose performance is not 

specified with regard to engine failure. 

Group E - aircraft for which the extent of 

performance scheduling is limited (Maximum 

Takeoff Weight below 6,000 lb or 2,730 kg). 

1.6.4. Airworthiness standards and design 

The American airworthiness standards FAR 

Parts 23 and 25 and the BCAR Sections D and 
K contain several subsections relating to 

very similar subjects. The FAR is subdi

vided into the following Subparts: 

A - general (and definitions) 

B - flight 

c - structures 

D - design and construction 

E - powerplant (installation) 

F - equipment (installation) 

G - operating limitations (and information) 

SUB-PART B. The level of safety intended by 

the airworthiness regulations will only be 

achieved by relating the characteristics 

of the aircraft to those of the airport, 

the surroundings (obstacles) and the route. 

The requirements of this sub-part lay down 

absolute performance minima, as well as the 

methodology needed to define and measure 

flight characteristics. 

SUB-PART C defines the loads on the struc

ture, the safety factors, and the minimum 

strength which shall be provided in the 

airplane as a whole and in its components. 

They are directly related to the primary 

structure. 

SUB-PARTS E AND F. The powerplant and e
quipment installations requirement must en

sure safe operation within the airplane 

structure during all appropriate phases of 

the flight. 

SUB-PART G. Certain limiting values are to 

be established, warning notices (placard 

speeds) displayed, and instructions made 

available to the flight crew. 

The subdivision into "small" or "light" 

aircraft on the one hand and "large" air

craft on the other hand is very similar to 

the subdivision into the non-transport cat

egory and the transport category, except 
that the transport category is not re

stricted in Maximum Takeoff Weight. Some 

aircraft lighter than 12,500 lb (5,670 kg) 

have been certificated under FAR Part 25.· 

The differences in airworthiness standards 

for transport and non-transport categories 

are significant. The main reason for this 

is that transport aircraft are intended to 

be operated by airlines, carrying fare0~ 

paying passengers, while the Other catego

ry is primarily intended for private use by 

individuals and companies in general avia

tion. The airworthiness authorities assume 

that, unlike the private owner, the aver

age passenger knows little about flying and 

relies upon the government to ensure the 

highest degree of safety in every phase of 

the flight. 
However, to reduce the effects on safety 
of different certification policies for the 

two categories, the private aircraft is 

normally restricted in its operations, es

pecially above congested areas. Besides, a 

steady improvement in the safety of opera

tion is aimed at for all categories. A 

small category of light aircraft may carry 

up to 15-18 passengers and for this cate

gory it has been agreed that the airworthi

ness standards of FAR Part 23 are too low. 

The arbitrariness of this subdivision may 

be demonstrated by Fig. 1-10b, which shows 

a "light" aircraft and Fig. 1-10a, which 

shows a "large" aircraft with comparable 

operational characteristics. Consequently, 

the FAA has developed a special set of re

gulations, Special FAR Part 23 (SFAR 23), 

with more stringent performance require
ments, particularly after engine failure 
(Ref. 1-78). In order to take advantage of 

the future growth capacities of an airframe 

design, a manufacturer may decide to satis

fy certain FAR 25 requirements from the 

outset, even though the airplane is intended 

primarily for FAR 23 certification. 
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GENERAL 

weight limitation 

min. number of engines 

seating capacity 

engine failure req.'s 
in takeoff 

accelerate-stop 

landing 

PERFORMANCE wet.runw~y 

FLIGHT 

CHARACTER

ISTICS 

STRUCTURAL 

climb capability 
after engine failure 

lateral e.g. shift 

minimum control speed 

spin characteristics 

maneuver load factor 
margin in cruise 

maneuver and gust 
load envelope 

fatigue evaluation 

SFAR 

PART 25 PART 23 PART 23 

no I ~ 12,500 lb ' I ~ 12,500 lb 

two I two I one 

no restriction :more than I up to 9 

: 10 
I 

occupants I passengers 

I I 
yes I no I no 

complete stop I limited I no 

detailed I limited I > 6000 lb: limited 
I I 
I I ~ 6000 lb: no 

yes I no I no 

I I 

throughout flight I takeoff, I 
multi-engine: I 

1landing I limited en-route 

included I no I no 

related to liftoff 
speed and stall. 
speed 

I related to stalling speed at MTOW 

no 

avoid buffet 
onset 

I limited 

no 

1 complete 

no 

fail-safe, safe l~fe1for pressure cabin, wing and 
fatigue evaluation ,associated structure 
of major parts 1 

DESIGN, fail safe I safe life specified through- I for wing and carry -

CONSTRUCTION __ ~--------~----~~----+---o_u_t ________________ ~• _____ t_h_r_o_u_gh __ s_t_r_u_crt_u_r_e ______________ _, 
bird-proof wiadshield 

SYSTEMS, 

EQUIPMENT 

limit descent velocity 
for landing gear loads 

max. cabin pressure alt. 
after system failure 

special emergency 
provisions for pax. 

ice protection prov. 

restarting capability 
of engines 

powerplants and 
re la'ted systems 

system redundancy 

equipment for adverse 
weather flight 

yes 

10 fps 

15,000 ft 

yes 

yes 

yes 

complete 
in<Jependence 

throughout 

yes 

no 

1depenaent on 
1 loading, but 

no 

yes 

Jlimited 

: yes 

I complete 
I independence 

no 

landing wing 
~ 10 fps. 

I 

no 

no 

no 

no 

limited 
independence 

lessential func- I 

ltions duplicated: no 

yes no 

Table 1-4. Differences in. FAR airworthiness standards for small and transport category 

airplanes 

The most relevant differences between the 

transpt,r~ and non-transport categories have 

been listed in Table 1-4. It should also be 
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noted that transport category aircraft re

quire an approved Flight Manual (FM), con

taining all the necessary information on 



performance, operating limitations and 
procedures, in both normal and emergency 

situations. Similar documentation for the 

non-transport category is relatively lim

ited. 
Although Table 1-4 applies to the American regula

tions, most of the differences are valid for Brit

ish aircraft as well. Some exceptions are: 

1. Section K of the BCAR limits the design dive 

speed to 300 kts (556 km/h) EAS or H = .6 for take

off weights up to 12,500 lb (5,670 kg). 

2. The BCAR Section D is limited to aircraft with a 

Maximum Takeoff Weight above 12,500 lb (5,670 kg), 

but may apply to non-transport category aircraft as 

well. 

3. British light aircraft are divided into perform

ance groups and weight groups, American small air

craft into weight groups only, with some exceptions 

for Single-engine aircraft. 

4. Birdproof windshields are required for both cat

egories of British aircraft, in contrast to American 

practice, where only transport-category airplanes 

must be provided with them. 

5. British rules are more stringent and detailed 

with respect to wet runway landing performance cer

tification. 

6. Special requirements for British agricultural 

:::tircraft are included in Section K, while American 

.3.gricultural aircraft are certificated under re

stricted operations of FAR Parts 21 and 22. 

In conclusion, the similarities between the 
British and American airworthiness stand
ards far outweigh the differences, result
ing in practically the same overall stand
ard of safety, especially for the transport 
category. The American rules are generally 
more precise and the designer can apply 

them more easily without having to consult 
the authorities. On the other hand, the 

British rules are more flexible to accommo
date new developments, avoiding special re

gulations. They constitute a basis for the 
assessment of the airworthiness of a new 
type of aircraft, the overall .assessment 
being made on an engineering basis. 
It will be clear that several problems have 

to be solved when certification is intended 
to comply with both the American and Brit
ish regulations. For example, Ref. 1-80 

shows that in the.case of the Beechcraft 

99, certificated for several years under 
FAR Part 23, many performance penalties 
were imposed when a British certification 
was applied for. After an extensive revi
sion of the interpretation of the require
ments, the performance figures were less 
divergent. On the other hand, the Short 
Skyvan is certificated according to both 

regulations and exhibits noticeable differ
ences in performance, with the British ver

sion on the conservative side. 
There are many important details of air
worthiness which cannot be examined in this 
chapter. A number of them will be discussed 
in the appropriate place where they bear 
directly on the design. This introduction 
is merely intended to prove that airworthi

ness rules and requirements form a most im

portant source of informatjon for the de
signer and as such should belong to his 
daily inventory and mental toolkit. 

1.7. CONCLUSION 

We end this chapter with a summary of some 
of the more characteristic tasks of the 
staff of a preliminary design department • 

a. During the development of a preliminary 
design and the coordination of the config
uration development phase, the designer 
will come into contact with a number of 
disciplines related to aeronautical engi
neering: aerodynamics, flight mechanics, 
propulsion, the science of materials and 

structures, operational analysis, statis

tics and optimization. The designer should 
also know how aircraft are certificated, 
how flights· are carried out under widely 
differing conditions, and how aircraft are 

operated. It follows that he should have a 
wide and up-to-date knowledge, spread over a 
large number of disciplines, in a profes

sion which is characterized by its dynamic 
development. He should also be able to give 
proper attention to details. 

b. Typical of almost every design is the 
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use of iterations. It starts with a trial 

configuration which will then be analyzed 

and altered after comparison with the re

quirements. The entire cycle will then 

start afresh, until the result shows either 

that the design is not feasible or that it 

is reasonably well defined and may in fact 

be further developed with some confidence. 

The designer should have the courage toput 

something on paper to break the chicken

and-egg conundrum. He will have to carry 

out many calculations and record the re

sults in a clear and well-ordered manner, 

so that others may be able to follow the 

procedure. In spite of much apparently 

meaningless work, he has to remain moti

vated in order to do a professional job. 

c. Particularly during the initial phase 

the designer should be able to anticipate 

on the later development and experimental 

results. The organisation of the project 

should nevertheless leave room to clear up 

any vital problem areas as early as possi

ble, for instance by carrying out wind 

tunnel tests. As the designer's experience 

grows, this sense of anticipating will come 

to him more easily. 

d. The design department must be able to 

deal statistically with the ever increasing 
flow of information on new developments and 

the outcome of research and make it repro

ducible. A well adapted documentation and 

library of data will be essential for per

manent use, but should also be augmented 

for each new design (see Fig. l-9, first 

box). The latest edition of Jane's All the 

World's Aircraft is invaluable, though the 

same can be said of many aviation journals 

and magazines. Even so, it is becoming in-
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creasingly difficult to evaluate the mul
titude of publications on the quality and 

reliability of their contents. 

e. There will be permanent discussions with, 

experts in other disciplines as well as 

with (prospective) customers, subcontrac

tors and suppliers. Designers are generally 

very active in attending aviation symposia 

and conferences. Teamwork will be the order 

of the day, particulary where large proj

ects are concerned. 

f. In view of the long development period 

required for a modern aircraft, it will be 

necessary for the designer to do some crys

tal-gazing from time to time. A new type 

will only be successful if it does the job 

better than the obsolescent type it is in

tended to replace and preferably better 

than the designs competing with it for the 

same slice of the market. A careful balance 

should be struck between the need for tech

nical innovations on the one hand and the 

desire to avoid excessive financial risk on 

the other. Decision-making has sometimes to 

be based on vague and only broadly defined 

considerations; for this reason the expe

rience of the design organisation is essen

tial in making proper decisions. The de

signer will have to possess a faculty for 

judgement and a feeling for what can and 

what cannot be done. 

In spite of the heavy demands on the de

signer's capacities in a modern preliminary 

design department, his work will still be 

fascinating, because it brings new chal

lenges and offers opportunities for inno

vations which may have a great influence 

on the success of the final product. 



Chapter 2. The general arrangement 

SUMMARY 

A sound choice of the general arrangement of a new aircraft design should be based on a 
proper investigation into and interpretat1on oi the transport function and a translation 
of the most pertinent requirements into a suitable positioning of the major parts in re
lation to each other. The result of this synthetic exercise is of decisive importance to 
the success of the aircraft to be built. However, no clear-cut design procedure can be 
followed and the task of devising the configuration is therefore a highly challengingone 
to the resourceful designer. 
Considerations, arguments and some background information are presented here in order to 
provide the reader with a reasonably complete picture of the possibilities. The differ
ences between a high wing and a low wing layout, and the location of the engines either 
on the wing or fuselage or elsewhere, are discussed on the basis of various cases from 
actual practice. Examples of unconventional layouts and many references to relevant lit
erature are given to stimulate further study and may possibly generate ideas for new 
conceptions. 

The study of possible configurations should result in one or more sketches of feasible 
layouts. They serve as a basis for more detailed design efforts, to be discussed in later 
chapters, and they can therefore be regarded as a first design phase. 
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2 . 1. INTRODUCTION 

Before a general arrangement drawing of a 
new design can be put on paper, a choice 
will have to be made as to the relative 
location of the main components: wings, 
fuselage, engines, tail surfaces and land
ing gear. 

A specific configuration is often inspired 
by a trend or line of evolution which may 
have its origin somewhere in the past. It 
may be that previous experience with air
craft in a similar category has established 
a tradition which cannot be easily dis
carded. But even when a company tackles an 
entirely new type, it is generally found 
that designers fall back on research war:< 
done years before by the company's research 
department or aeronautical laboratories. 
One example is the Boeing 707 - o~ its imme-

BOEING M00H 371 

STR.ATOCAVISUt U'-CSI 

MODEL 367• 1 0 
turOOQiop lii!>n\er- IUinS-DO•I 

duo;n -19SO 

diate predecessor, the KC-135 Stratotanker 
- in which certain desi.gn features can be 
traced back as far as the 1945 Strata
cruiser design, which itself was developed 
from the B-29 Superfortress (Fig. 2-1). At 
first sight the final version shows prac
tically no similarity to any aircraft the 
Boeing company had previously built. Even 
so, the 367-60 and 367-64 preliminary de
signs have much in common with the Strata
cruiser Model 377 , particularly as regards 
the fuselage, while an obvious similar
ity also exists with the B-47 with respect 
to the location of the engines (Ref. 2-2) . 
Although the Model 707 pioneered .the new 
era of long-range high-subsonic transport 
aircraft with jet propulsion, i ·ts general 
shape still had its origin in previous de
signs. It follows that a sound evaluation 
of practical solutions incorporated in ex-

,AOlOTYI"E 
lvrbo,tl 11>1\ktr l r•ttJ;porl 

d•••on - 19S2 

~ 
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Fig. 2-1. Si milar ity b<:!
t ween various designs by 

Boeing (Ref . 2-2) 



FI AS T DES IGN S .iETCH O F THE AVAO 

I AVAO VULC AN 8- I I 

isting successful designs should be the 

first step in the conceptual phase. 

A successful first choice of the configura

tion does·· not mean that no major changes 

will be required as development proceeds. 

This is illustrated in Fig. 2-2 in which 

an early design sketch of the AVRO Model 

698 is compared with the final layout of 

the B-1 Vulcan bomber (approximately 1945-

1948). Though these versions exhibit con

siderable differences, a gradual evolution 

of the initial baseline configuration took 

place in the course of the project devel

opment (Ref . 2-7). If this design is com

pared with that of the Handley Page Victor 

and the Vickers Valiant, which were both 

based on the same specification, it can be 

concluded that various solutions, each with 

its own particular merits, are possible. 

This will be discusse d in more detail in 

Section 2.3. Unfortunately, for various 

Fig. 2-2. Development of the external 

shape during the design of the Avro 

Vulcan bomber . (Ref.: Flight, 31 Jan. 

1950) 

reasons few examples of design evolutions 

have been published, and it is therefore 

difficult to draw general conclusions from 

which recommendations can be deduced. The 

list of references includes one publica

tion, Ref. 2-6, which is particularly in

teresting in this connection since itpres

ents some very unusual arrangements dating 

from the introduction of jet propulsion . 

The general arrangeme nt adopted can, in 

fact, only be properly justified once the 

design has been finalized. A satisfactory 

comparison of two different solutions for 

the same specification will not always be 

possihle, as many design details a dd up to 

determine the characteristics of an air

craft and the design considerations pub

lished by the manufacturers are as a rule 

insufficiently detailed. 

Competition forces manufacturers to ex

plore new solutions, which is one of the 
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reasons why competition has the long-term 

effect of advancing the technology. Exces

sively large departures from the existing 

state of the art may, however, lead to the 

taking of unwarranted commercial risks. An
other restraining factor is the circum

stance that all designs have to meet the 

existing or anticipated airworthiness re

quirements. Hawthorne•s* definition of de

sign may be aptly quoted in this context: 

"Design is the process of solving a problem 

by bringing together unlikely combinations 

of known principles, materials and proc

esses". A typical example resulting from 

such a procedure is the Sud-Avia.tion 

Caravelle (Fig. 2-3), which successfully 

pioneered the location of the engine pods 

at the tail of the fuselage. The spiritual 

father of this design was Pierre Satre. 

It is scarcely possible to give hard and fast rules 

for arriving at a sound configuration. Some relevant 

considerations ~ill be presented in the sections 

which follow but these should be interpreted with 

caution, as it sometimes happens that even small 

dimensional differences between the designs may lead 

to completely different conclusions. Sketches that 

are reasonably accurate with respect to dimensions 

are indispensable in the design stage. Without a 

correct representation of the relative size of the 

major components, the design drawing might perhaps 

result in a good artist's impression of the design

er's ideas but it is likely to be useless as abnsis 

for further engineering. Engine dimensions, espe

cially in the case of high bypass ratio engines, 

are often of particular importance in view of their 

relation to duct sizes, landing gear height, etc. 

Certain dimensions needed for these drawings may be 

deduced from data of similar aircraft, preferably 

using parameters such as wing loading, aspect ratio, 

relative airfoil thickness, etc. The statistical 

data presented in other chapters of this book may 

also be used as a source of information. 

During the configuration study the designer 

should have a clear picture in his mind of 

the operational requirements of the air-

*Engineering Laboratory, Cambridge Uni

versity 
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craft and the environment, such as how it 

is to be loaded, the airport facilities, 

special requirements regarding visibility 

from the cockpit, the desirability of the 
aircraft carrying a very low price-tag, etc. 

Although the general design requirements 

will provide important pointers, the de

signer should develop a "design philisophy", 

determining priorities, indicating solu

tions, etc. In some cases the manufacturer's 

production facilities and capabilities af

fect the structural design and may thus in

fluence the general concept. Every aircraft 

essentially is a very complicated entity; 

all superfluous complication will be costly 

both to the manufacturer and to the user 

and will lessen the design's chances of 

success. 

The next few sections will be devoted to 

discussion of the general arrangement. This 

chapter will not deal with the fuselage 

layout, including the use of tailbooms, for 

which the reader is referred to Chapter 3, 

while the center of gravity limitations of 

the design and their influence on the gen

eral configuration will be discussed in 

Chapter 8. When engine location is dealt 

with (Para. 2.3), it will be assumed that 

the number and type of engines have already 

been decided. If this is not so, the reader 

should turn to Section 6. 2 for more 

information. 

2.2. HIGH, LOW OR MID WING? 

The vertical location of the wing relative 

to the fuselage must be considered first. 

Fig. 2-4 shows three layouts of aircraft 

design projects in different categories. 

It will be obvious that the wing location 

relative to the fuselage is to a very large 

extent determined by the operational re

quirements. Although the aerodynamic and 

structural differences are not without im

portance, they can only be deciding factors 

when the choice between high, low and mid 

wing is not dictated by considerations of 

maximum operational flexibility. 
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a. SE X200, 200-tons all 

wing for transatlantic 

ranges 
b. SE X202, Feb. 1947 

c. SE X203, March 1947, 

40 passengers 
d.SE X204, two engines, 

30 passengers 

e.SE X205, July 1947, 

three engines 

f.SE X206, four engines, 

40 passengers 

g.SE X206.02.03,different 

version from f. 
h.SE X206.02.03,two other 

versions 

k.SE X206.02.04,September 

1947, four engines, two 

decks 

l.SE X206.02.09,Jan. 1948, 

four engines, 40 passengers 

m.SE X206-02-17,May 1948 

four engines (Nene) 

n.SE X206-02-21,June 1951, 

four engines (ATAR D), 48-60 

passengers 

Fig. 2-3. Design projects by Sud-Aviation (Ref. ALATA, Febr. 1959) 
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p. SE X210.02.0l,four en-

gines Turbom~ca "Tourmalet~ 

~~ 
40-58 passenge.cs 

s~~ q. SE X210.02.09,July 1951, 
q high wing,four turboprops 

~~ 

I+ ~-~, r.SE X210.02.10,July 1951, 

three engines derived from 

~ 
Grognard airplane, 48 pass. 

~- s.SE X210.02.20,Jan. 1952; 
s four turboprops 

t.SE X210.02.10 and 14, 
<:::: December 1951,two versions 

with three engines 

C"CD•u•ouu•',!,!Oc;:9-
u. SE X210.Q2.24,March 1952. 

i!;br Final version,four engines 

""" later replaced by 2 Avons 

_17' t•._. 

"' 126" 
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Fig. 2-3. (continued) 
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HIGH - WING feederliner designed by the 

author 

MID - WING light jet trainer designed by 

C.A. v.d. Eyk and J. v. Hattum 

~ · 

Fig. 2-4. Examples of high-wing, mid-wing and low-wing layouts (preliminary designs) 
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LOW - WING short-haul passenger transport designed by G.H. Berenschot and the author 

Fig. 2-4. (concluded) 

2. 2. 1. High win<! 

A design requirement for the military trans
port Lockheed C-5A was quick loading and un
loading of infantry troops. The aircraftal
so had to carry a variety of cargo, such as 
2~ ton trucks, M-60 tanks and artillery ve
hicles, while space had to be provided for 
personnel. Fig. 2-5 gives a number of cross
sections showing how this load is accommo
dated in the fuselage. The floor is stressed 
to take a load of 740 lb/sq.ft (3600 kg/m2) 
and has an area ~f 2370 sq.ft (220m2), 
while it lies about 8$ ft (2.5 m) above the 
apron. The cockpit and the seats for trans
port of personnel are arranged in two sec
tions, separated by the wing center-sectio~ 
Loading and unloading take place ~nrough 
nose and tail doors and the sketch clearly 
shows the importance of a low floor level 
for this very large aircraft. In the caseof 
a low wing aircraft of comparabl~ size, such 
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as the Boeing 747, the main deck floor is 
about 16 to .17 ft (5 m) above the apron. 
This makes such an aircraft dependent on 
special loading and boarding equipment, 
which is unacceptable for a military air
craft such as the C-5A. 
Fig. 2-5 shows clearly that retraction of 
the main undercarriage gear has posed spe
cial problema for the designers. In smaller 
high·-wing propeller aircraft it may be pos
sible to retract the main gear into the en
gine nacelles (Fokker F-27) or in the tail 
booms (Hawker Siddeley Argosy), but in the 
case of very large aircraft doing so would 
make it too tall and too heavy. This will 
unavoidably lead to mounting the gear to 
the fuselage, but the strengthening of the 
fuselage structure required for the trans
mission of the landing impact loads will 
result in a weight increase. This is only 



II 
nose gear forw a rd mai n gea r aft m ain g ea r 

a: upper lobe ; b: central lobe; c: lowe r lobe; d: upper deck; e: main deck; f,g: longitu
dinal supports; h: main fuselage frames; k: main gear shock strut; 1: external mounting 
frame 

d 

I f ront l o adi ng 

a: fuselage nose; b: radome; c: pres
sure bulkhead; d: door hinges; e : 
guide; f: slide; g : ·post; h: adjust
able floor element; k: articulation; 
1 : nose floor element ; m: ramp; n: 
flap 

t, 

aft loadi n g 

..... 
sect io n s 1- 1 

( rear view, 

a: load-carrying structure; b: adjustable floor element ; c: articulation ; d,k : flap; e: 
centra l loading door ; f 1,f2 : lateral doors; g 1,g2 : s c rewj acks: h: levers 

Fig. 2-5 . Load i ng provis i ons and unde rcarriages support s f or the Lockheed C-SA (Ref.: 
DOC-AIR-ESPACE No 113 - Nov. 1968) 
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Antonov An- 14 Pchelka 

Cessna 172 

Fig. 2-6. Examples of airplane types with braced wings 

partially offset by the saving in weight in 

comparison with a low-wing design, due to 

the shorter landing gear struts. Moreover, 

with a fuselage-mounted main undercarriage 

it is difficult to obtain a sufficiently 

wide track. These considerations may be re
garded as having favored the use of low
wing monoplanes. 

Braced-wing monoplanes (Fig. 2-6) are nowa

days generally high-wing designs. Bracing 

struts cause little interference when at

tached to the lower side of the wing, while 

they usually can be lighter than in other 

positions since in this case the critical 

strut loads are likely to be tension loads. 

In the case of STOL aircraft close proximity of the 

wing to the ground in takeoff and landing may cause 

pronounced and generally undesirable ground effects. 

Moreover, if a low wing was adopted, the required 

ground clearance of the large, fully deflected 

trailing-edge flaps and - in the case of propeller

driven STOL aircraft - of the large propellers, 

would entail a very tall and heavy landing gear. In 

this case a high-wing design generally has more to 

reconunend it. 

2.2.2. Mid wing 

This layout is generally, chosen when mini-
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mum drag in high-speed flight is of para
mount importance. With a fuselage of rough

ly circular cross-section, the surfaces at 

the wing-fuselage junction meet at practi

cally right angles so that interference be

tween the boundary layers at small angles 
of attack will be minimized. In most cases 

the fuselage section at the location where 

the wing is mounted to it is roughly cylin

drical. The divergence of the airflow over 
the wing root at high angles of attack is 

thus minimized. Wing root fairings of only 

very modest size will therefore be required. 

For these reasons many mid-wing layouts are 

found in fighter and trainer aircraft, where 

it is an acceptable arrangement, provided 

the space required for the useful load is 

small in relation to the total internal 

fuselage volume and can be divided into 

separate sections. The wing may be contin

uous· through the fuselage because the 

transfer of the loads from the wing may 

take place via almost "solid" bulkheads 

to which each winghalf is attached. It is 
generally not feasible to adopt such a 

scheme for transport aircraft, and very few 
mid-wing monoplanes are to be found in this 
category. However, it is worth noting that 
on large transport aircraft the wing ar

rangement adopted approaches the mid-wing 

position, the reason being that the cahin 



floor, which is located . just above the wing 

center section, is positioned relatively 

high . in the fuselage cross section. 

Another exception is the HFB 320 Hansa 

(Fig . 2-7), which features a negative angle 

compartrnen1 

f buainus jtr - 7 p .. sen"ers l 

Fig. 2-7 . Fuselage layout of the HFB Hansa 
jet 

of sweep, with the engines at the tail bal

ancing the cabin ahead of the wing center 
section. However, with this layout it is 

difficult to avoid considerable shift of 

the center of gravity for different loading 

conditions unless serious loading restric

tions are accepted~ The swept-forward wing 
presents certain aeroelastic problems which 

are difficult to solve without the use of 

tip tanks . Although the manufacturer claims 

that the aircraft possesses low drag char

acteristics, maximum cabin height for.a 

given fuselage diameter, and a good view 

for all the occupants, it remains doubtful 

whether these outweigh the disadvantages. 

ports and from airfields and airstrips 

where special loading equipment is not a

vailable. In the case of most passenger 

aircraft, the height of the cabin floor 

above the ground is of lesser importance 

as use can be made of steps of loading 

bridges. 

Efficient use of the underfloor space in 

the fuselage for the stowage of cargo is 

possible only if the ·fuselage is at a suit

able height above the apron. Without re

sorting to a tall undercarriage, this is 

more easily achieved in a low-wing design . 

The generally larger fuselage height above 

ground level on a low-wing configuration 

may also offer advantages when, after a 
fuselage stretch, the tail angle available 

is still sufficiently large to allow for 

optimum rotation during the takeoff, wit

hout creating an unacceptable geometrical 
pitch angle limitation (Fig. 2-8). 

Fig . 2-8. A stretched version of the Lock

heed Tristar is envisaged in the design 

stage. The fuselage will be stretched by 

3.56 m (1) and 4.57 m (2) in front of and 

behind the wing resp. The undercarriage is 
2.2.3. Low wing sufficiently long to allow rotation over 

12° after stretching (Ref .: Aviation Mag. 

The low wing position frequently offers many No . 550, 30 Nov. 1970) 

advantages. It is true that light aircraft 

still account for a fair number of high

wing monoplanes, but this may be more a 

matter of company tradition than an obvious 

technical advantage. The low cargo floor 

height is of benefit to small freighters 

designed for operating into secondary air-

*see Section 8 . 5 . 4 

2.2.4. Effect of the wing location on the 

general arrangement 

a. Interior arrangement. 

On a high-wing aircraft the fuselage sec

tion below the floor is generally flattened 

in order to reduce the undercarriage height 
and to keep the floor at the desired level 
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above the ground, truckbed height being 
generally 4 ·to 41! ft ( 1. 20 to 1. 40 m). A 
flat fuselage belly leaves little or no 
room to carry underfloor cargo and this may 
necessitate a longer cargo hold in the cab
in, as compared to aircraft with a circular 
fuselage cross-section. This in turn may 
lengthen the fuselage, particularly when, 
in addition, most equipment and services 
will have to be located above the floor. A 
large center of gravity travel may result. 
On low-wing aircraft the landing gear may 
be retracted into (propeller) engin~ na
celles or into the fuselage just behind the 
center-section of a swept-back wing. Re
traction of the main undercarriage between 
the main wing spars is more easily achieved 
with a non-stressed lightly loaded skin 
than with a stressed-skin structure. 
In small high-wing transports the aisle is 
sometimes sunk in relation to the rest of 
the cabin floor to provide adequate stand
ing room. The most critical point i!< at the 
wing-fuselage intersection where a slightly 
lowered cabin ceiling may be unavoidable. 
It may be worthwile investigating whether 
this space can be used for stowage or a 
cloakroom, or whether lavatories can be 
extended into this area. 
Low-wing aircraft sometimes have the wing 
protruding slightly below the fuselage, 
necessitating extensive fairings (e.g. 
Hawker Siddeley 125). In some small touring 
aircraft the front seats may be mounted 
directly on the wing box, thus saving spac~ 

b. Safety. 
The low wing and possibly the engines will 
form a large energy-absorbing mass during 
a forced landing, although they also present 
potential fire hazards upon contact with 
the ground. The wing generally contains 
fuel and the tanks are likely to be damaged, 
particularly if they are of the integral 
type. If the impact is not too heavy, darn
age and fire risk in a high-wing aircraft 
may be limited. When an aircraft is forced 
down on water, the fuselage of a high-wing 
monoplane will be submerged; provisions 
must therefore be made for escape through 
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the cabin roof. It should be noted, how
ever, that not all aircraft have to be cer
tificated for overwater operation. 

c. Performance and flying qualities. 
The principal difference between the char
acteristics of high- and low-wing lRyouts 
during takeoff and landing is the ground 
effect, which decreases with increasing 
wing height above the ground. Ground effect 
will generally cause a reduction in vortex
induced drag, resulting in.a decreased 
takeoff distance and an increased landing 
distance. Sometimes, however, it leads to 
premature breakaway of the airflow and even 
reversed flow below the wing flaps, re
sulting in an increase in the Minimum Un
stick Speed* and consequently a longer 
takeoff run. 
Probably more important is the decrease in 
downwash at the horizontal tail, leading 
to a nose-down pitching moment. This will 
require greater elevator deflection for the 
takeoff rotation and the landing flare-out 
and this may be a determining factor for 
the elevator power required. The proximity 
of the ground may have an opposite effect, 
causing the aircraft "to land itself". This 
means that after a properly executed final 
approach little or no elevator movement is 
required for the flare-out. This can be 
the case when the wing is placed in such a 
low position that ground effect causes a 
marked lift increment, while the nose-down 
pitching moment mentioned above is approx
imately compensated by a nose-up pitching 
moment due to the wing lift. Though this 
characteristic may in itself be advanta
geous, it is practically impossible to de
sign the aircraft from the outset in such a 
way as to achieve it. 
With respect to maximum lift and minimum 
drag, there are admittedly differences be
tween the high and low wing locations, but 
these may be minimized by proper use of 
fillets and fairings (Fig. 2-9). Even so, 
the high wing is superior i~ this respect 
to the low wing, particularly where induced 

*see Appendix K, Section K-2 



a. fillets mainly on lower wing surface 

" LOW WING . LOW SUBSON IC 

B 
c. 

" 

b. fillets mainly on upper wing surface 

c. fillets act to obey the area rule and to 
house the main landing gear 

drag at high .lift is concerned. The poten

tial differences in1 damping the Dutch roll 

may be largely suppressed by good design, 

particularly proper choice of the wing di

hedral angle and fin area. Negative wing 
dihedral, desirable on swept-back wings, 

can easily be incorporated in a high-wing 

design without resorting to a tall under
carriage. However, both configurations may 
possess comparable flying qualities, except 
for fast maneuvers in aerobatics, which are 

favored by the mid- and low-wing layout. 

High-wing aircraft will generally require 

roughly 20 percent more vertical tail area 

than low wing types. 

d. Structural aspects. 

The Lockheed C-SA has already been cited as 

an example of the difficulties encountered 

when designing the undercarriage of a high

wing aircraft. Although the weight penalty 

in the fuselage structure is partly offset 

by a lighter wing and a shorter and lighter 

nosewheel gear, on balance the high-wing 

layout will be at a disadvantage with re
spect to empty weight and complication of 

the structural design. 

2.3. LOCATION OF THE ENGINES 

2.3.1. Propeller aircraft 

Aircraft powered by piston engines are gen

erally seen in two layouts: the single 

tractor engine type with the powerplant in 

the fuselage nose and the twin tractor type 

with both engines fitted to the wing. New 

aircraft types with four piston engines are 
not being built any more since any rating 
over, say, 500 hp is produced more effi

ciently by the turboprop engine, and piston 

engines in that class are practically ob

solete . Configurations are occasionally 

observed which differ from the generally 

accepted solutions described above, but in 

such cases the choice must have been in

fluenced by special considerations, such as 
Fig· 2-9. Several types of fillets to reduce the desirability of creating a high thrust-

unfavorable wing-fuselage interference line (amphibians) or avoiding asymmetry in 
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FREGATE • 

I SHORT BELFAST . 

Fig. 2-10. Three types of turbopropeller engine installation 

the event of engine failure by using one 

tractor and one pusher engine in the plane 

of symmetry (e.g. Cessna Skymaster). 

Positioning the propeller engines in front 

of the wing generally results in the most 

attractive configuration from the aerody

namic and structural point of view. The 
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propeller slipstream o'f operating engines 

generally has a favorable effect on the 

stall and increases the wing lift, in par

ticular when trailing-edge flaps are ex

tended, thus forming a kind of built-in 

safeguard against stalling. On the other 

hand, an engine failure may cause consid

erable windmilling drag before the propellez 



is feathered and while the flow over the 

wing is still disturbed. The yawing and 

rolling moments induced by engine failure 

present control problems and downgrade the 
flight performance, in particular when the 
engine fails in the takeoff. Variation of 
the engine power will change the downwash 
behind the wing and this is of particular 
influence on the stabilizing contribution 
of the tail s urfaces (Section 2.4.2). 

The locati on and installation of the en
gines in nacel l e s mounted to the wing 

leading edge is illustrated in Fig. 2-10 
for several_aircraft types. As will be 
shown in Chapter 6, the engine configura
tion and the propeller design have consi d
erable influence on this. In the case of a 
high-wing layout there is generally mo re 

freedom with respect to t he vert i cal pos i
tion of the engines relative to the air

foil as compared t o low-wing aircraft, since 
propeller clearance over the ground is rel
atively easily provided. 

When turbopro p engines are used, an engine 
nacelle which i s placed low rela tive to the 

Boeing 747 

BAC Super VC 10 

wing is to be favored, both for its light 

supporting structure and for effective 

discharge of the hot gases , requiring only 

a short exhaust pipe. On a low-wing air
craft designers are often forced to adopt 
a relatively high position for the engine 
nacelles in order to ensure sufficient pro
peller to ground clearance. This may lead 

to unfavorable interference effects between 
the nacelle and the wing, causing premature 
breakaway of the airflow and additional in

duced drag. 

2.3.2 . Jet-propelled transport aircraft 

When the jet engine became an acceptable 
prime mover for both transport and large 

military aircraft (about 1947-1950), the 
t radi t i onal p iston engine layout was di s 
carded and-a new configuration was sought 

which would suit the specific characteris
tics and demands of the jet engine. Smaller 
jet aircraft were generally designed for 

military purposes and had a single engine 
in t h e fuselage; in the case of transport 

Hawker Siddeley Comet 4 

Fig. 2- 11. Example s o f powerpla n t installation on s ubs onic j e t transports 
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Boeing 8- 47 Stretojet 

Handley Page Victor 8·1 

Avro Vulcan 8·1 

Vickers Armstrong Valiant 

Fig. 2-12. Different configurations for aircraft designed to similar specifications 

and large military aircraft there appeared 
to be two entirely different lines of 
thought: 
a. Engines buried entirely within the root 
of the wing, with the air intake in the 
leading edge and the exhaust at the trailing 
edge, close to the fuselage. Examples of 
such an arrangement may be seen in the De 
Havilland Cornet (Fig. 2-11), Avro Vulcan, 
Vickers Valiant, Handley Page Victor and 
Tupolev 104. 
b. Pod-mounted engines, initially suspended 
below the wing, but later also fitted to 
the rear of the fuselage. The first impor
tant representatives of this school were 
the Boeing models B-47, B-52 and KC-135 
(Fig. 2-1), while Sud-Aviation originated 
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the rear-mounted engines in the Caravelle. 
The former of these two concepts was pre
dominantly favored by British designers, 
the latter by the Americans. The protago
nists of both solutions were able to jus
tify their choice with sound technical ar
guments (Ref. 2-11). In the author's opin
ion it was not so much the engine instal
lation but rather the aerodynamic concept 
of the wing which formed the deciding fac
tor in the difference between the two ap
proaches. 
Comparing the Avro Vulcan with the Boeing 
B-47 (Fig. 2-12), we find that the total 
wetted area is about the same for both air
craft (Fig. 2-13), in spite of the fact 
that the wing area of the Vulcan is nearly 



IOfiNG 8·47 AVRO VULCAN - WING AflEA - h'lm') 1430 (133) .... (320) 

TOTAL WETTED AREA - ff'lm') 11300 (1050) 1100(811) 

SPAN - ft (m) 111 (3U) .. (30.2) 

MAX. WING LOADING - lb/fi-lt•/rr?- ,.. (110) .. 1 (212) 

MAX. SPAN LOADING - lb/ft ( ko/m l 1710 (2110) 1120 (2210) 

Alfi'ECT RATIO .... 2.84 

Cq, UlTIMATED ) .0\18 .oon 

1/wAs C•·OSWALD FACTOR) .o•2• (.e) .125 ( .o) 

L/DmiX i cL..,. 17.25; .882 17.0; .235 

Fig. 2-13. Similarity in max. lift/drag ra

tios for two widely different configura

tions 

three times that of the B-47 (wing area*). 

In contrast to this, there is thediffer

ence between the aspect ratios**, namely a 

figure in excess of 3. However, both air

craft have nearly the same span loading 

(weight/span). The remarkable conclusion 

can be drawn that for a given dynamic pres

sure both the profile ~nd vortex-induced 
***' drag will be roughly equal for these air-

craft. Although the comparison shown in 

Fig. 2-13 is based on estimated values, it 

clearly shows that it is possible to a

chieve a comparable range performance with 

both wing layouts. There are, all the same, 

considerable differences between the two 

types: 

a. The maximum lift/drag ratio occurs at 
CL = .235 for the Vulcan and at CL = .68 

for the B-47. When cruising at high alti
tude the Vulcan had more freedom to maneu

ver without experiencing serious buffeting 

due to compressibility. 

b. The structural height at the wing root 

of the Vulcan, namely about 6 feet 8 inches 

(2 meters), proved ample to house the en

gines internally; in the case of the B-47 

the height available was only about 26 

inches (. 66 m) . 

* 

** 

The gross wing area used in Fig. 2-13 

is as defined in Appendix A Section 

A-3 .1. 

Aspect ratio= span 2 /area = spanf;Jeometric 

mean chord. See Appendix A. 
***Definitions in Section 11.2. 

In a sense this means that the design phi

losophy with regard to the engine installa
tion was mainly decided by the shape of the 

wing. Although this example is predominant

ly of historical interest, it shows that 

there is a close connection with decisions 

in other fields. 

The protagonists of podded engines attached to the 

wings by means of pylons use the following argu

ments to support their views: 

a. Separately spaced engines are well placed from 

the safety point of view. In the event of fire in 

one of the pods the likelihood that fire will 

spread to the fuel in the wing is limited. In fact 

this was the main argument for the choice of the 

B-47 configuration. 

b. The short intake and exhaust ducts enable the 

engine to run under optimal conditions. 

c. The mass of the engines and the pylons lead to 

a reduction in the bending moment of the inner 

wing, thus lightening part of the wing structure. 

When they are located ahead of the flexural axis, 

they constitute a mass balance against flutter. 

d. The engines can be made easily accessible at 

the cost of very little increase in structure 

weight since the pods do not form part of the 

stressed structure. Access to engines buried in the 

wing roots has to be provided by detachable skin 

panels at a location where the wing is highly 

stressed. 

e. The engine pylons appear to have a favorable 

effect on the airflow at large angles of attack and 

tend to colUlteract pitch-up of sweptback wings 

(Fig. 2-14). The pylons act in a manner similar to 

Fig. 2-14. Effect of wing-mounted pods on 

longitudinal stability (Ref. 2-11) 
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fences, which are often used on "clean" wings .. 

Against this the protagonists of completely buried 
engines list the following arguments: 

a. The extra drag resulting from the buried engine 

installation is only a few percent as against about 

15\ of the total drag in the case of a configura

tion similar to the B-47. Incidentally, the current 

generation of turbofans show a value of about 8 to 

10\ . 

b. As a result of the low wing loading and low 

value of CL in cruising flight , maneuvering is 

possible without compressibility problems such 

as buffeting. 

c. The pitch-up problem of swept wings is less 

significant for low aspect ratio wings. 

d. As a result of the low wing loading, the low

speed performance will be better. 

e . The relativel y low aspec t ratio wing box s truc 

ture will l ead to gre ater stiffness and aero e las

tic ity will be less of a problem. 

Many of these arguments are only valid up to a 

point, and in particular the progress in engine 

technology towards high bypass ratio engines, to

gethe r with the develo pment of more efficient h i gh

lift devices in ~950-1970 , has settle d the c ase in 

favor of hi gh wi ng l oadings and pod-moWlted engi nes. 

This does not mean that buried engines will not re

turn to favor again in the future. For example, the 

application of laminar flow control by suction of 

the bounda ry layer t o reduce drag might e ventually 

lead t o a totally differe nt design approach,_ s uch 

as a combinati on o f l ow wing loading and e ngines 

of re l ati vel y low thrus t in cruising f light , i nte 

gra t e d into the wing o r fuselage . 

An interesting example o f configuration 

studies is shown in Fig . 2-3 for the Sud 

Aviat i on Carave lle . The maiden f light o f 

this airpl a ne , wi th i ts engi nes a t t he r ear 

o f t he f usel age , took p l ace in 1955. Thus a 

new configuration was added t o that i ntro

duced by the B-47 wit h the engines in pods 

below the wing, a layout also adopted by 

Do uglas (DC-8) and Convair (880 and 990) • 

When t his engine l ocation had prove d a 

success in t he Caravelle , var ious new t ypes 

we r e des i gned to practi cally t he s ame for
mula: the BAC 1-11, Vickers VC. 10, Hawker 

Sidde l ey Trident , Dougl as DC- 9 , Boei ng 727 , 
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Fokker F-28 and all executive turbojet air

craft. Though this layout has the obvious 

advantages of a "clean• wing, low door sill 

height and little asymmetric thrust after 

engine failure, it also has a large center 

of gravity variation with variation in 

loading condition and it has to be care

fully designed to avoid the superstall 

problem. Therefore, after 196 5, a new trend 

towards engines on the wings occurred 

(Boeing 737, Lockheed L-1011, Douglas DC-10, 

Dassault Mercure) . 

It would serve little purpose to express a 

general verdict in favor of either of t~e 

two configurations. Each specification, as 

well as e very pew type of engine, will re

quire renewed study to support a particular 

choice and the outcome can only be properly 

assessed when various configurations have 

been designed according to the same ground 

rules. This procedure was followed by the 
Boeing Company for the development of their 

Model 737 (Fig. 2-15), when two competing 

Fi g. 2- 15 . Two configurations of theBoeing 

Model 737 , resulting from a competi t ion of 

t wo design teams 

design teams were put on the same exerc ise. 

Factors which should be investigated in the 

case of a transport aircraft are indicated 

i n Fig. 2-16 . The p r i nc ipal d i fferences be 

t ween t he Caravelle and t he Boeing 737 en

gine l ocation wi l l be briefly discussed 

with refer e nce t o that list . 



• EMPTY WEIGHT 

• ENGINE MAINTENANCE 

• FOAEIGN OBJECTS INGESTION 

.-SYSTEMS 

fuel 

antt-lctng 

air conditionmg 
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• FLYING QUALITIES 

stalling 

engine-out control 

go around 

cruise dutch roll 

o NOISE 
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max. lift 

second segment climb 

Fig. 2-16. Engine location factors (Ref.: 

ATA Engng and Maint. Conf., Oct. 27, 1964) 

a. Empty weight. 

The following factors have to be considereru 

- A wing structure weight saving is possi

ble with wing-mounted engines due to the 

mass relief effect on the bending moment 

on the inner wing. 

- Engines placed too far outboard increase 

the landing impact loads and necessitate a 

large vertical tailplane. 

- Engines at the rear of the fuselage re

quire local "beef-up" and lead to loss of 

useful space in the tail, resulting in 

added structure weight and a larger fuse

lage for the same payload. 

- Differences in weight of the tail sur

faces depend on various factors which do 

not permit a general conclusion. 

Summing up, we may say without too much 

emphasis that the empty weight of a Cara

velle-type layout will typically be 2 to 

4% more than that ·uf a comparable design 

with the engines on the wing. 

b. Engine maintenance. 

Although the size of the aircraft comes in

to it, engines below the wings are general

ly better accessible from the ground than 

in any other layout. 

c. Flexibility of loading. 

This depends primarily on the location of 

the load relative "to the center of gravity 

of the empty aircraft, a subject that is 

treated more fully in Chapter 9. Both con

figurations may be designed for good load

ing characteristics, although a greater 

e.g. travel must be catered for in the case 

of rear-mounted engines. At full payload 

the download on the tail, with consequent 
loss in the lift to drag ratio, will be 

considerable with engines mounted to the 

rear fuselage. Besides, the layout with 

wing-mounted engines will have a larger 

underfloor cargo-hold behind the wing, 

which is generally more easily used. 

d. Performance. 
Regarding drag in cruising flight there is 

little to choose between the two layouts, 

assuming that both have been well designed 

aerodynamically. Douglas, however, claims 

that in the case of the DC-9 the drag of 

the wing plus nacelles at high subsonic 

speeds is reduced as a result of favorable 

aerodynamic interference, (Ref. 2-30). Gen
erally speaking, a layout with wing-mounted 

engines will lead to an increase in induced 

drag and a slight reduction in the drag

critical Mach number. The drag resulting 

from the asymmetrical flight condition 

following engine failure, rapidly increases 

with the lateral distance of the failed en

gine to the aircraft centerline and will, 

therefore, be greater with engines mounted 

on the wing. The protagonists of the Cara

velle layout claim that their clean wing 

gives a gain of 20% in maximum lift. The 
Boeing Cy. does not agree, basing its opin
ion on test data and arguins that in the 
case of the clean wing the useful lift is 
reduced by gadgetry to ensure a favorable 

pitching behaviour at the stall. And in

deed, looking at maximum CL values for a 
number of aircraft with different layouts, 
it is not possible to discern a clear-cut 

tendency either way. 

e. Flying qualities. 

Engines mounted to the rear of the fuselage 

are often combined with a tailplane on top 
of the fin (T-tail). This particular lay

out has a potential problem in the high 

incidence range, namely the "deep stall"* 

*Also referred to as "superstall" or 

''locked-in stall''; see Section 2.4.2 
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(Section 2.4.2). In the case of engines on 

the wings, the yawing moment resulting from 
engine failure will be more pronounced. 

f. Mounting of a central engine. 

Three-engined aircraft generally have one 

engine mounted centrally at the rear of the 

fuselage. The problem which will have to be 

faced here is whether to bury this engine 

in the fuselage, which will require a fair

ly long and curved inlet (Boeing 727, 

Hawker Siddeley Trident, Lockheed L-1011) 

with consequent loss of intake efficiency 

and extra weight. Alternatively, the engine 

can be installed in a pod on top of the 

fuselage, but in that case the vertical 

tail surface forms an obstruction. Fig. 

2-17 depicts some possible solutions, all 

BUTTERFLY TAIL DC-10 

L-1011 AFT- FAN 

Fig. 2-17. Installation of the central en

gine on a three-engined jet aircraft 

of which present particular design problem~ 
The thing to do here is to optimize the 

chosen solution in such a way that the dis

advantages will be limited. Ref. 2-23 shows 

that a purely objective comparison of two 

solutions is very difficult. Manufacturers' 

data for structure weight, fuel consumption 

and economy for both the L-1011 and the DC-

10 are used to show that both solutions are 

best. 
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2. 3 .• 3. Single-engined subsonic jet aircraft 

Aircraft of this type have the enginernount

ed insrde the fuselage and the intake and 

exhaust ducts often present a problem. The 

inlet duct hds to supply a constant flow of 

air at different operational engine set

tings and in different flight conditions. 

Flow distortion and turbulence at the corn

pressor face must remain within the limits 

Fig. 2-18. Intake problem on a stubby fuse
lage with side intakes 

laid down by the engine manufacturer. Pro

nounced curvature in the inlet duct should 

therefore be avoided. This is not very easy 

to comply with in the case of a fuselage 

which is relatively wide at the location of 

the air inlets unless a long inlet duct is 

acceptable (Fig. 2-18). The latter is gen

erally undesirable for reasons of space or 

balancing. It also costs weight and results 

in inlet pressure loss. 

At different angles of attack variations in 

the direction of the incoming air should 

Fig. 2-19. Asymmetric intake condition in a 

sideslip 
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Fig. 2-20 . Structural arrangement of wing-root air intake (De Havilland Vampire) 

pi tot -ty pe inlet 

Fokker S 14 

w ing root inlet 

Hawker Hunter 

scoop - type inlet 

Sipa 300 

NACA inlet M iles Student 

Fig •. 2-21. Intakes on subsonic aircraft with engine(s) buried in the fuselage 
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split scoop- type inlet 

North American Rockwell 

Buckeye 

Fig. 2-21. (Concluded) 

LOW EXHAUST, SINGLE TAIL BOOM ~ SIPA 300 

SHORT EXHAUST PIPE 

DE HAVILLAND VAMPIRE 

LONG EXHAUST - AERMACCHI MB 326 

SHORTENED EXHAUST - L 29 DELFIN 

SPLIT EXHAUST ~ HAWKER SEA HAWK 

Fig. 2-22. Exhaust locations of single-engined subsonic jet aircraft 
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not be excessive. The wake of the partly 

stalled wing must not enter the inlet duct, 

which means that the leading edge of the 

wing would be an unsuitable location unless 

special measures were taken. When split in

takes are used, a sideslipping condition 

will cause dissimilar flow patterns, which 

may lead to unstable flow and even to air 

oscillating instead of entering the duct as 

shown in Fig. 2-19. 

\'ihen the engine is installed in the fuse

lage, the designer has to decide whether it 

is desirable to continue the wing structure 

through the fuselage without interruption. 

On a highly maneuverable aircraft, designed 

for high normal load factors, such a con

tinuous structure is very attractive. It 

will then depend upon the relative propor

tions of the inlet duct and the thickness 

of the wing whether it is feasible to lead 
the inlet ducts through the spar webs. Fig. 
2-20 shows that this was possible in the 

case of the De Havilland Vampire, but in 

other cases it may prove desirable to lead 

the inlet either over or under the wing. 
Fig. 2-21 shows different types of inlet 
which will be briefly discussed here. 

The pi tot type (a) provides the engine with 

undisturbed airflow for all flight condi

tions. It requires a long inlet duct, which 

generally will have to be divided at the 

level of the cockpit, and intake efficiency 

is low. This type is now rarely used on 

subsonic aircraft. 

An intake in the wing-root (b) is difficult 

to realize as the intake opening must be 

able to supply the required airflow at dif

ferent intake velocities and also cope with 

ly far ahead of the wing in order to avoid 

interference with the wing and excessive 

variations in the intake conditions. 

An air inlet on top of the fuselage has 

sometimes been used in experimental air

craft and was adopted for the Miles Student. 

The opening has to be raised sufficiently 

far above the fuselage to avoid boundary 

layer and wake ingestion at large angles 

of incidence. 

A split inlet at the bottom of the fuselage 

may be regarded in some ways as a compro-

mise between the pitot inlet and side in-

lets. When measures are taken to avoid the 

ingestion of debris during takeoff and 

taxying, this layout may be particularly 

attractive for mid-wing and high-wing air

craft. 

The exhaust nozzles should be so positioned 

and directed that the (hot) jet efflux will 

not impinge on the structure. At subsonic 

speeds in a parallel flow, the expanding 

gases of a pure jet may be assumed to ex

pand within a cone with half the top angle 

equal to 6 degrees. Exhaust nozzles are 

manufactured from stainless steel sheet and 
are fairly heavy; on pure jet engines they 

will weigh from 1 to 1.5% of the engine 

weight per foot of length (3 to 5% per me-

ter) . The weight will be even gre~ter in 

the case of bypass engines. Moreover, ex-

haust nozzles cause a thrust loss of about 
.3% per foot (1% per meter). They should 
therefore be kept as short as possible. 
Some examples shown in Fig. 2-22 will be 

discussed. 

changes in the angle of attack and angle of When the exhaust nozzle is located in the 
sideslip. At the same time the local airfoil rear end of the fuselage, it is possibleto 
shape must not be modified more than is keep the efflux away from the aircraft wit-
strictly necessary. hout having to take any special precaution~ 
Side inlets on either side of the fuselage A single tail boom is sometime"s adopted in 
form scoops and thus cause additional drag. order to shorten the exhaust. Another solu-
Te keep this drag low, the airscoops must tion consists of a split exhaust with two 
not be kept too short and must be well openings on either side of the fuselage. 
faired. A divertor is needed to prevent the Unfortunately, both configurations lead to 
fuselage boundary layer from entering the structural problems, while complicated fair-
duct but this also adds to the drag. The ings must be used around the exhausts. 
inlet opening should be located sufficient- Another way to shorten the length of the ex-
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® FUSELAGE- OR FIN

MOUNTED STABILIZER 

A -1 

A-2 

@ TWIN VERTICAL TAIL 

B-2 

Fig. 2-23. Classification of tailplane configurations 

haust pipe is to use two tail booms. This 

has the added advantage that it provides 

excellent accessibility to the engine. 

2.4 . ARRANGEMENT OF THE TAILPLANE 

The design of the tail surfaces probably 

depends more on the general arrangement and 

the detail layout of the aircraft than any 

other major part. Because of their loca

tion, their effectiveness is influenced by 

the wing and the operation of the engines, 

particularly in the case of propeller

driven aircraft. The way in which the em

pennage is mounted to the fuselage, or pos

sibly to tail booms, affects the structural 

layout of the tail surfaces and that of the 

fuselage. General instructions applicable 

in the preliminary design stage are there

fore very difficult to lay down. 

2.4.1. Classification of tail surface con

figurations 

50 

Examples are given in Fig. 2-23 of the 

principal configurations seen in practice . 

Although there are many intermediate solu
tions, these will not be discussed here. 

Group A: A single fin with the stabilizer 

mounted either on the fuselage or on the 

fin represents the most common current lay

out. It also ensures structural simplicity 

and stiffness, although in the case of the 
T-tail (A-3) attention must be devoted to 

preventing tailplane flutter. Aerodynamic 

considerations leading to this choice are 

discussed in Section 2.4.2. 

Group B: The considerable height of a large 

fin will cause a rolling moment due to rud

der deflection as .a consequen~~ of the large 

distance of the fin aerodynamic center from 

the longitudinal axis of the aircraft. If 

this is considered to be objectionable, a 

t>~in fin may be well worth investigating as 

a means of minimizing this effect. When 

twin tail booms are used (group B-2), such 

a layout is the fairly obvious choice. 



Group C: The V- or butterfly tail is often 

adopted for sailplanes, with the object of 
avoiding damage to the tail when landing on 

overgrown terrain. The V-tail is sometimes 
also used on powered aircraft, e.g. the 
Fouga Magister where it served to keep the 
tail surface clear of the jet efflux of the 
engines, without having to resort to a T
tail. Another classical example is the 
Beechcraft Bonanza. The V-tail has never 
become popular, mainly because the moving 
surfaces have to serve both as rudders 
(differential deflection) and as elevators 
(simultaneous deflection), which leads to 
a complication in the control system design. 

2.4.2. The location of tail surfaces 

a. Jet efflux effects. 

The tail surfaces must never be in the jet 
efflux. Assuming that the efflux of a pure 
jet spreads out conewise with half the top 
angle equal to 6 degrees, this defines a 
region which may be regarded as "out of 
bounds" so far as the tail surfaces are 
concerned. If necessary, the centerline of 
the jet efflux may be diverted a few de
grees in any desired direction. Another 
possibility is to apply a moderate dihedral 

to the horizontal tailplane. It is advisa
ble to have as great a distance as possible 
between the noise generating regions and 
the tail surfaces, since otherwise the very 
high intensity of the engine noise may cause 
acoustic fatigue in the relatively flat skin 
panels of the tail. Any special measures to 
prevent this will entail a weight penalty. 
A jet efflux close to the stabilizer will 

affect the direction of the airflow and di
minish its stabilizing contribution due to 
the jet pumping effect. 

slipstream, which causes variations in the 

longitudinal stability. These depend partly 

on the location of the stabilizer, measured 
in the vertical direction. Fig. 2-24 shows 

t:, x • forward shift of 
5 n neutral point due 

to slipstream 
c .wing m.a.c. 

Fig. 2-24. Forward shift of the neutral 

point due to slipstream (Ref.: ARC R & M 
2701) 

that loss of static stability is small with 

the stabilizer placed very high or very low, 

but this cannot always be realised in prac
tice. As the power to weight ratio and the 
maximum lift coefficient increase, the slip
stream effects will also become more pro
nounced and generally the tail size will 

have to be increased. 
In flight with one engine inoperative there 
will be a yawing moment which has to be 
counteracted mainly by rudder deflection. 

There will also be a non-symmetrical lift 
distribution over the wing and this will 

cause a sidewash at the fin, effectively 
resulting in an increase in the yawing mo
ment. This condition of flight provides a 
criterion for the size of the fin and ruddei 

b. Slipstream effects. in the case where the engines are mounted 
In symmetrical flight, the lift distribution on the wing. 
of the wing with deflected flaps depends on 
the engine speed. The same applies to the c. Stability and control in the stall and 
downwash and the local velocity distribution post-stall condition. 
at the tail. When the airspeed and the angle Although in normal operating conditions a 
of attack are changed, the stabilizer moves wing stall is avoided by applying adequate 
in a vertical direction relative to the safety margins relative to the minimum fly-
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able speed, a stall may be encountered oc
casionally. The stall speeds must be dem
onstrated during certification testing as 
they form the baseline for most performance 
figures in takeoff and landing. Safe recov
ery from a stall is therefore a requirement. 
The longitudinal flight characteristics are 
affected primarily by the "stiffness in 
pitch", represented by the slope of the 
em- a curve (Fig. 2-25c). A negative slope 
corresponds to positive static stability, 
while the trimmed condition is equivalent 
to em = 0, to be obtained by elevator and/ 
or stabilizer deflection. The wing and hor
izontal tailplane are the main contributing 
components, the tailplane location being of 
prime importance. Fig. 2-25b shows comtina
tions of wing sweep angles and aspect ra
tios which ensure a stable wing pitching 
moment slope at the stall. The stable re
gion marked is only approximate and may be 
influenced by airfoil variation, wing 
twist, boundary layer fences, engine pylons 
and leading edge high-lift devices. The 
boundary of the stable region, as derived 
from windtunnel tests, indicates a reason 
why highly swept wings generally are of low 
aspect ratio . A slightly unstable wing 
pitch-up may be acceptable, provided the 
horizontal stabilizer is sufficiently ef
fective. The effect of the vertical loca
tion of the stabilizer is illustrated in 
Fig. 2-25c for several cases, defined in 
Fig. 2-25a. In region A, which covers most 
T-tails, instability at large angles of in
cidence is generally preceded by a less 
pronounced instability at fhe stall. In 
region B the stabilizer only enters the 
wake of the wing when the latter becomes 
unstable. Region C does not show these phe
nomena at low speeds, but pitch-up may oc
cur on maneuvering flight at high subsonic 
speeds. Region D is a location which may 
be regarded as satisfactory for all angles 
of incidence. This arrangement may some-

c. Post stall stability for the complete times be possible in the case of high-wing 
airplane aircraft, but attention should be paid to 
Fig . 2-25. Static stability at high angles the location of the wake, particularly when 
of attack as affected by wing shape and tail- flaps are deflected. 
plane location (Ref.: NASA TM-X-26) Most tailplanes designed for normal opera-
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ting conditions will be sufficiently effec

tive to provide stability at high angles of 
attack as well. However, if the wing wake 

is augmented by the wake of a wide fuselage 

and pod-mounted engines on either side of 

the rear fuselage tail, conditions may ex

ist such that a T-tail aircraft encounters 

extended regions of post-stall instabilit~ 

At very high angles of attack the tailplane 

contribution to longitudinal stability will 

be reduced to 10-20% of its normal value. 

At angles of attack between 30 and 40 de

grees the tailplane itself stalls and the 

slope of the em-a curve is once more re

versed into a stable one. At em = 0 the air

craft is trimmed in a "deep stall". In that 

condition the pitching moment due to eleva

tor deflection may be insufficient to re

store the normal attitude and the airplane 

is locked in this condition. A very fast 

descent at low forward speed is unavoidable 
and recovery from it is very doubtful. There 

are various methods of curing such unac

ceptable behavior, e.g. increasing thetail

plane span and modifying the wing shape. 

For added safety a stick shaker can be in
stalled to warn the pilot at a preset angle 

of attack, while a stick pusher is fre
quently used to force the steering column 
forward when the stalling angle of attack. 
is approached. 

Adoption of a T-tail does not necessarily 
face the designer with disadvantages only. 

diameter s• 
length 20' 

span 20• 

NACA 0012 
chord 10• 
Rc s.105 

aspect ratio 2 
zero sweepback 

QL-~~~._~~--~ 

tO 1.2 1.4 1.6 
effective asoect ratio 
geometric aspect ratio 

Fig. 2-26. Effective aspect ratio of the fin 

in combination with a horizontal tailp~ane 

(Ref.: NACA TN 2907) 

Fig. 2-26 shows that placing one tail sur

face at the tip of another leads to an in
crease of about 50 percent in the aerody
namic aspect ratio, so that the stabilizer 

may increa.se the lift curve slope of the 

fin by roughly 15 percent. A similar im

provement in the effectiveness of the hor
izontal stabilizer may be obtained by the 

use of two fins at the tips. Another point 

is that the downwash at moderate angles of 

incidence decreases with increased verti

cality of the stabilizer, which in the case 

of a T-tail may sometimes justify reducing 
the area. The same effect is achieved by 

placing the stabilizer on top of a swept

back fin, thus increasing its moment arm. 

d. Recovery from spins. 

In the case of aircraft designed for aero

batics (e.g. trainers), recovery from a 

spin must be possible. In small aircraft 

this involves use of the rudder, which must 

therefore be effective even at very large 

angles of incidence. It will be seen from 

Fig. 2-27 that the indicated location of 

UNDESIRABLE 

Fig. 2-27. Effectiveness of the rudder 

during a spin 

the stabilizer will cause the greater part 

of the rudder to be shielded. Some layouts 

for avoiding this are indicated. V-tai!s 

and fins at the tips cf the stabilizer are 

favorable in this respect. 
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2.5 . ARRANGEMENT OF THE UNDERCARRIAGE 

Various configurations for the undercar

riage have been adopted in the past, but 

many of them were designed for special pur

poses. Only three of these need be dis

cussed in the present context. The discus

sion is further amplified by Fig . 2-28 and 

Refs. 2-35 through 2-38. 

tandem undercar,.age 
Sud Ouest '050 Vautour 

tailweel undetcan.age 
P1latus Porter 

nosewhe-el undercarr-Jage 
Fokker F 28 Felfowship 

Fig. 2-28. Undercarriage configurations 

2 . 5.1 . Tailwheel undercarriage 

Although this type of undercarriage was in 

general use during the first three decades 

of aviation, it must now be regarded asob

solete for most designs. Its advantages 

should nevertheless be mentioned: 

a. The tailwheel is small, light and simple 

to design. 

b. The location of the main gear legs makes 

attachment to the wings an easy matter. 

c. A three-point landing can be carried out 

by bringing the aircraft to a stalled con

dition. The aerodynamic drag will provide a 

retarding force, which is particular~y 
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needed when the airfield is unsuitable for 

full application of brakes (e . g. wet grass) . 

d. When brakes are applied the vertical 
load on the main gear will increase, there

by reducing the risk of skidding. 

The reason why the tailwheel undercarriage 

has been almost completely superseded by 

the nosewheel or tricycle gear is that it 

also possesses the following drawbacks: 

a. Violent braking tends to tip the air

craft onto its nose. 

b. The braking force acts ahead of the cen

ter of grav ity and thus has a destabilising 

effect when the aircraft is moving at an 

angle of yaw relative to its track . This 

may c ause a ground loop . 

c. In a two-point landing a tail-down mo
ment will be created by the impact force on 

the main landing gear, resulting in an in

crease in lift which makes the aircraft 

bounce. 

d. The attitude of the wing makes taxying 

dif'ficult in a strong wind. 

e. In the case of transport aircraft the 
inclined cabin floor will be uncomfortable 

for the passengers and inconvenient for 

loading and unloading. 

f. In the tail-down attitude the inclina

tion of the fuselage will limit the pilot's 

view over the nose of the aircraft. 
g. During the initial takeoff run drag is 
high until the tail can be raised. 

In some designs it is possible to circum

vent some of these disadvantages at least 

partly. Interconnection of the tailwheel 

and the rudder control provides a simple 

means to control the aircraft on the ground. 

2 . 5 . 2 • . Nosewheel undercarriage 

The merits and drawbacks of the nosewheel 

gear are roughly the opposite of those of 
the tailwheel type. The prin.cipal advan

tages are: 

a . The braking forces act behind the e.g. 

and have a stabilizing effect, thus e~

abling the pilot to make full use of the 

brakes. 

b. With the aircraft on the ground, the 



fuselage and consequently the cabin floor 

are practical~y level. 

c. The pilot's view is good. 

d. The nosewheel is a safeguard against the 

aircraft turning over and so protects the 

propeller(s) when used. 

e. During the initial part of the takeoff 
the drag is low. 

f. In a two-point landing the main gear 

creates a nosedown pitching moment. 

The steady increase in landing speeds of 
modern aircraft has accentuated these ad
vantages, so that they carry more weight 

than the following disadvantages: 

a. The nose unit must take 20 to 30% of the 
aircraft's weight in a steady braked con

dition and it is therefore relatively heavy. 

b. The landing gear will probably have to 

be fitted at a location where special 

structural provisions will be required. In 

the case of a retractable nosegear on light 
aircraft it may also prove difficult to 

find stowage space inside the external con

tours of the aircraft. 
Although there is still a measure of choice 

during the preliminary design stage, this 
constitutes one of the most difficultprob

lems to be solved. 

Summing up, we may state that the nosewheel 

undercarriage has gained favor because it 

greatly facilitates the landing maneuver 

and enables the brakes to be used more ef

ficiently. 

2.5.3. Tandem undercarriage 

Here the main wheels are arranged practi

cally in the plane of symmetry of the air

craft and the front and rear wheels absorb 

landing impact forces of the same magnitude. 

Use of the tandem gear is justified when 

much emphasis has to be placed on the fol

lowing advantages: 

a. Both main legs are placed at nearly e

qual distances ahead of and behind the cen

ter of gravity, thus locally creating space 

for payload close to it. 

b. The wheels may be retracted inside the 

fuselage without interrupting the wing 

structure. The increase if any in fuselage 
weight will depend on other factors. 

Against these we have to set the following 
disadvantages: 

a. Outrigger wheels will be required to 

stabilize the aircraft on the ground and 
these may increase the all-up weight by~ 

approximately 1%. However, by using two 

pairs of main legs instead of single ones, 
a certain amount of track may be obtained, 

resulting in a reduction of the load on the 

outriggers (Boeing B-52). 
b. The pilot must carefully ~intain•the 

proper touchdown attitude in order to avoid 

overstraining the gear. Care has also to be 
taken to limit the angle of bank during the 

landing to avoid overstraining the outrig

gers. It may sometimes be possible to lo

cate the rear legs close to the center of 

gravity of the aircraft, and so reduce this 

disadvantage, but that also means losing 

the opportunity to have an unobstructed 
space. 

c. A larye tail ·download is required to ro

tate the aircraft. It will therefore be 

desirable to chose the attitude of theair
craft at rest so that it will fly itself 

off, but this may lead either to an in

crease in drag during the takeo·ff roll or 

to a high liftoff speed. 

Generally speaking, the arguments against 

the tandem gear are of such a nature that 
its adoption should only be consideredwhen 
no other solution meets the case. 

2.6. SOME UNCONVENTIONAL AIRCRAFT CONFIGU

RATIONS 

The characteristics of different general 

arrangements discussed in the preceding 

sections mainly apply to the classic air

plane layout for which a clear distinc

tion can be made between lifting, non

lifting and stabilizing major components. 

It was assumed that the tailplane wasmount

ed at the rear of the aircraft. The payload 

is carried inside the fuselage while the 
fuel is mainly stored in the wings and, if 

ss 



necessary, the fuselage. The fuselage is 
basically designed for optim~ ttansport 
and rapid load~ng and unloading, and con
tributes little to the lift. 
A radical departure from the classic lay
out is the integrated configuration of 
which the flying wing is the purest repre
sentative. The wing is designed to produce 
lift as well as to contain the entire pay
load while it also provides stability an~ 
control. Less radical is the tailless air
craft which does have a fuselage but no 
horizontal tail surfaces. A third unusual 
layout is the tail-first or canard. 
When the choice of one of these types is 
considered, there have to be obviouspoints 
which indicate that materially better per
formance, a considerably lighter structure 
or improved flying qualities will be a
chieved. For example, the flying wing lay
out would most probably be considered only 
in the case of a sailplane or a long-range 
aircraft, both of which make full use of 
the potential improvement in lift drag ra
tio. Practical experience with this type 
indicates that a new design will require 
extensive research before a reliable prod
uct can be put on the market. Many examples 
illustrating this point are known in the 
history of aviation. 
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2.6.1. The flying wing 

During the period around the Second World 
War, several designers in various countries 
regarded the flying wing as the ideal lay
out, promising large reductions in drag and 
structure weight, They included A. Lippisch 
and the Horten brothers in Germany, J.K. 
Northrop in the u.s.A. and G.H. Lee in 
Great Britain. Round about 1965 Lee at
tempted to draw attention to a flying wing 
design for a short-haul airliner (Fig. 
2-30, Ref. 2-45). 
Since a pure flying wing possesses no fuse
lage and no horizontal tail surface, ,it may 
be possible to achieve a very low zero~ift 
drag coefficient. This may be of the order 
of .008 to .011 as compared to .015 to .020 
for conventional aircraft. The maximum lift/ 
drag ratio being jnversely proportional to 
the square root of this figure, a theoret
ical improvement of about 40% may be ob
tained for a given aspect ratio (Fig. 2-29). 
Assuming similar fuel weights, takeoff 
weights and cruising speeds, the same im
provement applies to the range. Alterna
tively, this gain may be taken in the form 
of a reduction in fuel consumption, engine 
power and takeoff weight for a specified 
payload and range. 

b wing span 

cf mean skin friction coeffi-
cient, based on swet 

e Oswald's span efficiency 
factor 

8wet total airplane wetted area 
D drag 

L lift 
0~----~------~----~------~------~----~. 0 .5 1D 1.5 2.0 2.5 3.0 

span 

"/wetted area 
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Fig. 2-29. Maximum lift/drag ra
tio at subsonic speeds 



The empty weight of the flying wing could 
be less, mainly as a result of the favor
able mass distribution within the wing, 
which reduces the bending moment at the 
root. Supposing the mass to be distributed 
along the span in a similar manner to the 
lift, it would even be theoretically pos
sible to reduce the bending moment to zero 
in 1-g flight. Hence the bending moment 
will predominate in the landing and the 
torsion moments in flight and a large part 
of the wing structure will be designed on 
the basis of stiffness requirements. By 
and large, a reduction in structure weight 
relative to the conventional layout is 
likely to be possible. To ensure stability 
in a trimmed condition, the following re
quirements must be fulfilled: 
a. The aerodynamic pitching moment at zero 
lift and zero control deflection must be 
positive (i.e. nose-up). This condition can 
be met by using a special wing sectionwith 
a bent-up trailing edge or a sweptback wing 
with washout at the tip, or aileron deflec
tion. Both measures tend to increase the 
vortex-induced drag. 
b. The center of gravity must be ahead of 
the aerodynamic center, but this condition 
is difficult to fulfill iri the case of a 
straight wing, as it implies that the en
tire load must be concentrated in the for
ward part of the wing. With a sweptback 
wing there is less trouble, first because 
the aerodynamic center is situated further 
back and second because more space is a
vailable in the plane of symmetry ahead of 
it. 

A high aspect ratio sweptback wing is lon
gitudinally unstable at large angles of 
incidence (Fig. 2-25b). In the case of a 
flying wing this instability cannot be 
corrected by means of a horizontal tail
plane and a high aspect ratio is therefore 
detrimental to stability. Consequently, 
part of the aerodynamic gain is lost and 
in the case of Lee's flying wing (Fig. 
2-30) its aerodynamic superiority over the 
conventional layout has largely disap
peared. 

A low aspect ratio wing enables the design-

Fig. 2-30. Proposal for a short-range all
wing aircraft 

er to get a sufficiently thick wing to ac
commodate the load to be carried. In addi
tion to comparing a conventional aircraft 
and a flying wing on the basis of equal 
aspect ratios, we can also do so on that 
of equal volumes. With a given payload 
density an optimum design will generally 
be one in which the space within the ex
ternal contours is fully utilized. For e
qual volumes both configurations have 
roughly the same wetted area and the fly
ing wing can only gain through a greater 
span and the use of buried engines, cre
ating less drag. Another drawback of the 
flying wing is that it is incapable of a
chieving a high maximum lift coefficient. 
Effective flaps at the trailing edge cause 
a nose-down pitching moment which cannot 
be trimmed. A low wing loading is not just 
a secondary effect here but an absolute 
must. However, high load factors in turbu
lent air will be the inevitable result; 
these will be objectionable less from the 
structural viewpoint than from that of the 
occupant's comfort and the pilot's work
load. The flying wing can be made longitu
dinally stable but its response to control 
surfaces deflections and bumps will always 
be accompanied by a poorly damped phugoid 
and an oscillatory short period motion, 
both annoying characteristics to thepilot, 
although this might be improved by some 
form of artificial stability augmentation. 

It should finally be pointed out that the 
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loading flexibility of the flying wing is 
not very good, particularly in the case of 
a low-density payload. Loading restrictions 

will be necessary with respect to both the 
longitudinal and the lateral position, 
which is an undesirable factor in the op
eration of transport aircraft. Moreover, 
the shape of the flying wing is far from 
that of an efficient pressure vessel and 
incorporation of a pressure cabin might 
well lead to a considerable increase in 
structure weight. Further development to 
increase the payload is not feasible as 
the stretch potential of the flying wing 
is almost nil. 

Summing up the case for the flying wing, we 
may say that this configuration is poten
tially capable of reaching a high lift to 
drag ratio with a low structure weight but 
the flying and operational characteristics 
are troublemakers. Since the control func
tion is integrated in the wing, there will 
be additional trim drag. As a passenger 
transport aircraft the flying wing does not 
appear to be a suitable proposition but it 
may be considered for special purposes, 
such as sailplanes, long-distance recon
naissance or very large, special-purpose 
cargo aircraft. 

2.6.2. Tailless aircraft 

Although the flying wing and the tailless 
aircraft share the characteristi~ of not 
possessing a horizontal tailplane, the lat
ter type has a conventional fuselage which 
carries a large part of the load. The tail 
of the fuselage is relatively short and 
carries only a vertical tail surface. The 
tailless aircraft is generally designed for 
supersonic speeds and utilises a slender 
delta wing. The movable parts at the trail
ing edge act as elevators when deflected in 
the same direction and as ailerons whende
flected in different directions. Like the 
flying wing the tailless aircraft is un
able to carry effective landing flaps and 
sufficient lift for landing is obtained by 
choosing a low aspect ratio wing of large 
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area, resulting in large approach angles. 
Some of the disadvantages mentioned in con
nection with the flying wing also apply to 
this type, although they generally weigh 
less heavily on account of the lower aspect 
ratio and larger mean chord. 
Since the tailless delta is of a much less 
radical nature than the flying wing, vari
ous successful aircraft have been built to 
this formula and have reached series pro
duction. The best known are: Avro Vulcan 
(almost a flying wing, Fig. 2-12), Convair 
B-58, Convair F-102, Lockheed YF-12A, 
Douglas F-4D, Dassault Mirage, SAAB Draken 
and the BAC-SUD Concorde. These aircraft 
all operate in the transonic or supersonic 
speed region, the tailless delta being one 
of the best configurations for supersonic 
cruise. Ref. 2-44 gives general information 
concerning the design of such aircraft. 

2.6.3. Tail-first or canard aircraft 

Canard aircraft have attracted the interest 
of designers from time to time on account 
of several particular characteristics. Af
ter all, the Wright brothers' aircraft was 
a canard and it appears an attractive idea 
to place the longitudinal control surface 
in front of the wing and out of the wing 
downwash to where it can never be in its 
wake. The aircraft's equilibrium is pre
served by means of an upward force on the 
forward plane, which contributes to the 
lift in a positive sense. In contrast to 
the conventional layout, this will increase 
maximum lift and reduce the trim arag, a 
characteristic which is of particular ad
vantage in the case of high-speed, highly 
maneuverable aircraft. 
A distinction can be made between a long
coupled and a close-coupled canard (Fig. 
2-31). In the former category emphasis is 
laid on the reduction of drag in cruising 
flight, which is obtained by placing the 
forward plane far ahead of the wing, there
by reducing the mutual interference. Dy
namic stability may be assured by keeping 
the area of the forward plane below 10' of 
that of the mainplane. Design problems re-
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a. Long-coupled canard (North American de
sign for an SST, 1964) 

I SA AI VIGGE NJ 

b. Short-coupled canard 

Fig. 2-31. Tail-first airplane configura
tions 

lating to this configuration are: 
a. To achieve an acceptable range for the 
center of gravity, the forward plane hasto 
be capable of producing a higher maximum 
lift coefficient than the main wing. Gener
ally speaking; this · can only be achieved 
when the main wing possesses a low aspect 
rat i o. The forward plane has to be provided 
with a sophisticated flap system. 
b. The trailing vortices of the forward 
plane affect the flow over the wing and 
will set up a rolling m6ment in a sideslip. 
The vortices may also strike the fin. 
In the case of the short-coupled canard the 
mutual interference between the twoplanes 
is deliberately used to achieve a high max
imum lift. This effect is obtained at large 
angles of attack on surfaces of low aspect 
ratio with sharply sweptback leading edges. 
The large drag which now occurs will only 
be acceptable for aircraft with sufficient
ly powerful engines. 

In short, the canard layout appears to be 
suitable for transonic or supersonic and 
highly maneuverable aircraft, in the latter 
case if sufficient thrust reserve is a
vailable. 
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Chapter 3. Fuselage design 

SUMMARY 

This chapter starts with an introductory section dealing with the design requirements, 
the possibility of achieving an optimum external shape and suggestions for a design 
procedure. 
The second section presents detailed instructions for the design of the passenger cabin, 
stressing the desirability of achieving efficient arrangement. This is important in order 
to ensure that, for a given level of passenger comfort, the fuselage makes the maximum 
possible contribution to the operation of the aircraft. 
Some attention is given to freight aircraft where the choice of specified density, the 
use of containers and pallets, and the loading and unloading provisions are of consider
able influence on the design. The final sections contain directives relating to thedesigr 
of the flight deck.and the external shape. 
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3.1. INTRODUCTION 

3.1.1. Function and design requirements 

The preliminary general arrangement of the 
aircraft is closely tied up with the fuse
lage, the main dimensions of which should 
be laid down in some detail. In fact, the 
fuselage represents such an importantitem 
in the total concept that its design might 
well be started before the overall configu
ration is settled. 

The main characteristics of the fuselage 
are as follows: 

a. It constitutes the shell containing the 
payload which must be carried a certain dis
tance at a specified speed. It must permit 
rapid loading before the flight and rapid 
unloading after it. The fuselage structure 
also offers protection against climatic fac
tors (cold, low pressure, a very high wind 
velocity) and against external noise, pro
vided suitable measures have been taken. 
b. The fuselage is'the most suitable part 
for housing the cockpit, the most function
al location generally being in the nose. 

62 

c. The fuselage may be regarded as the cen
tral structural member to which the other 
main parts are joined (wings, tail unit and 
in some cases the engines) on the on~ hand, 
and as the link between the payload and the 
aircraft on the other. In some aircraft a 
number of these duties are assigned to tail 
booms. 

d. Most of the aircraft systems are gener
ally housed in the fuselage, which some
times also carries the engines, fuel and/or 
the retractable undercarriage. 
Although the installation of aircraft sys
tems will not be dealt with in this chapter, 
the reader may refer to Fig. 3-1 which shows 
how the Auxiliary Power Unit (A.P.U.) and 
the air-conditioning equipment can be in
stalled in the fuselage. 

Many of the requirements laid down in re
lation to the fuselage limit the designer's 
range of choice. The list below - though 
far from complete - enumerates the factors 
which should be given serious attention as 
they affect most designs. 
a. The drag of the fuselage should be low, 
since it represents 20 to 40% of the zero
lift drag. At a given dynamic pressure the 

Fig. 3-1. The air 
conditioning system 
of the Hawker Siddeley 
Trident 



draq is mainly determined by the shape and 

the wetted area. If we choose a fuselaqe 

diameter 10' larqer than strictly necessary, 

the direct result, will be a 1.5-3' increase 

in total draq. This will mean a hiqher fuel 

consumption or decreased ranqe, increased 

takeoff weiqht, hence another draq incre

ment, etc. This •snowball effect• inweiqht 

qrowth depends on the type of operation for 

which the aircraft is to be used, and this, 

in turn, determines how much effort should 

be made to achieve minimum draq. In the 

case of a freiqht aircraft desiqned for low 

speeds and modest yearly utilization, such 

as the Short "Skyvan", a qood aerodynamic 
shape has been sacrificed to easy loadinq 

by means of a readily accessible rear 
loadinq door. 

b. The structure must be sufficiently stronq, 

riqid and liqht, possess a fixed useful life 

and be easy to inspect and maintain. In or

der to avoid fatique failure o:t the pressure 

cabin, a relatively low stress level should 
be chosen for the skin, e.q., 12,000 p.s.i. 

(850 kq/cm2) which is about 30% of the o. 2 -

limit for Al 2024-T3. Pressure cabins have 
a circular cross-section, or a cross~ection 
built up of seqments of a circle. 

c. Operatinq costs are influenced by the ef

fect of the fuselaqe desiqn on fuelconsump
tion and by manufacturinq costs. Generally 

speakinq, we qain by keepinq the fuselaqe as 

small And compact.as possible within ac
ceptable limits. On the other hand, it must 

be remembered' that the desiqn and dimensions 

of the fuselaqe' are decisive factors with 

reqard to the aircraft's earninq ·capacity. 

In aiminq for a compact desiqn,, the desiqner 

should never qo so far that potential custom

ers will reject the aircraft because it 

lacks comfort as a result of cramped ac-

tail surfaces is mainly dependent on the 

lenqth of the fuselaqe tail. 

3 .1. 2. Draq and opti. ..... zation of the exter-
nal shape 

Surpr1sinq thouqh it-may be, the fuselaqe 

of transport aircraft - a cateqory which 

is particularly suited for optimization -

are seldom ideally streamlined in shape. 

Amonqst subsonic aircraft, the Lockheed 

Constellation and Airspeed Ambassador'were 

the last to be developed and a more recent 

example, althouqh in a different cateqory, 

is the HFB Hansa. we may ask to whatextent 

aerodynamic optimization of the fuselaqe's 
external shape is both desirable and pos

sible. Apart from the question of optimi-

zation in a broader sense, which constantly 

occupies the desiqner - what is the best 

arranqement for the seats, where is the 

best location for the freiqht hold, etc. -

the dominant questions to be answered in 
the preliminary desiqn sta,qe are: 

a. Should the aim be to achieve the ideal 

streamline shape with minimum draq, or is 
a cylindrical mid-section to be preferred? 

b. Should a lonq, slender shape be adopted 

or would a short, squat fuselaqe be better? 

.10 

.08 

.06 

.04 

commodation. .02 

d. The fuselaqe,does not merely serve to 

carry the empennaqe, but also affects the 

tailplane confiquration. It will qenerally 

contribute a destabilizinq effect to the 

aerodynamic moments in pitch and yaw which 

is approximately proportional to its volume, 

while the stabilizinq contribution of the 

ooL-----~----~----~----~----~ 
2 4 6 8 10 

LENGTH/DIAMETER 

Fiq. 3-2.Draq coefficient of streamline 

bodies of revolution at low speeds 
(Curves calculated with Section F-3.4.) 
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Fig. 3-2 illustrates the influence of the 
fuselage slenderness ratio Af (length/di
ameter) on drag, ~Y showing the drag coef
ficient of a fuselage related to .several 
reference areas. These are: the frontal 
area, the wetted area and the (volume) 2 l 3 • 
The figures refer to a fully streamlined 
body of revolution for slenderness ratios 
higher than 4. The same coefficients are 
also given for a fuselage with a cylindri
cal section. It is assumed here that for 
these values of Af the drag coefficient, 
based on the wetted area, is essentially 
equal to that of the pure streamline body. 
We may now draw the following conclusions 
from the figure. 
a. The drag coefficient, based on thewetted 
area, approaches the flat plate value for 
very slender shapes. When Af is low, there 
is a considerable pressure drag. 
b. The coefficient based on the frontal ar
ea shows a pronounced minimum at Af = 2.5 
to 3. When a cy~indrical mid-section is 
used, the drag rises considerably, particu
larly in the case of high values of Af. 
c. On the basis of (volume) 213 the drag co
efficient shows a shallow minimum for Af = 4 
to 6, but rises only slightly for higher 
values of the slenderness ratio. Slender
ness ratios of less than 3 lead to a pro
nounced increase in drag. The cylindrical 
mid-section has practically no effect on 
the drag coefficient for all values of Af. 
Although the numerical values of Fig. 3-2 
are not applicable to all fuselage shapes 
and should not be used in drag calculations, 
the overall picture may be regarded as valid 
for most cases. The slenderness ratios used 
on actual fuselages show a wide scatter as 
additional factors are also involved. 

In aircraft engineering we can seldom work 
with standard solutions, but the following 
discussion of four different fuselage con
figurations (Fig. 3-3) may provide an indi
cation as to whether the ideal streamline 
shape, or rather the minimum of one of the 
curves of Fig. 3-2, might have been the 
designer's aim. In the case of transport 
aircraft (Fig. 3-3a), the space allotted 
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to the load takes up to between 60 and 70% 
of the fuselage volume. The shape of the 
fuselage here is derived from an efficient 
arrangement of passengers or freight. 
A cylindrical mid-section is used for the 
following reasons: 
a. Structural design and manufacture are 
considerably simplified. 
b. It is possible to obtain an efficient 
internal layout w~th little loss of space. 
c. The flexibility of the seating ar
rangement is improved. 
d. Further development by increasing the 
length of the fuselage (stretching)is facil
itated. 

As the length of the fuselage increases, 
the areas of the tail surfaces will be re
duced, but this is only true up to a point. 
Slender fuselages in large aircraft with a 
fineness ratio of 12 to 15; may well in
volve stiffness problems. The analytical 
approach used in Ref. 3-3 indicates that it 
is not so much the fuselage drag but more 
particularly the weight which is the de
ciding factor where the optimum shape is 
concerned. This is confirmed by the small 
variation in the drag coefficient based on 
(volume) 2/ 3 with the slenderness ratio (Fig. 
3-2). For slender fuselages there is also a 
favorable influence of the Reynolds number 
on friction drag. 
In the case of passenger as well as freight 
aircraft, the possibilities of varying the 
shape of the fuselage are limited by prac
tical considerations relating to the load. 
The fuselage should be designed "from the 
inside outwards", and the skin should enve
lop the load in such a way that the wetted 
area is minimum, thus avoiding breakaway of 
the airflow as far as possible. 

In the case of freight aircraft (Fig. 3-3b), 
loading and unloading in the longitudinal 
direction will be the aim. A door in the 
nose is unsuitable for relatively small 
freighters as the cockpit would have to be 
extended to an unreasonable extent on top 
of the fuselage. Nor is it an easy matter 
to design a freight door in the tail where 
stresses are introduced by the tail unit 
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a.Fuselage with relatively large payload volume and efficien~ internal 
arrangement (Dassault Mercure) 

b.Freighter aircraft (Nord 2508) with tail 
booms and short fuselage afterbody 

c.Jet trainer (Fouga Magister) with small 
useful load volume 

d.Sailplane (Sigma Glider) with fuselage 
forebody and afterbody designed to differ
ent aerodynamic · criteria 

Fig. 3-3.Categories of fuselage shapes 

and by pressurization. In such a case the 
use of tail booms may be considered (Sec
tion 3.3.3), although other solutions are 
also possible. The length of the fuselage 
is chosen as short as aerodynamic consider
ations permit, resulting in a short, squat 
body. Although this may not approach the 
optimum streamline shape, it may come close 
to the minimum drag value for a given 
frontal area, as shown in Fig. 3-2 (e.g. 
H.S. Argosy ).f = 4.85; IAI Arava: ).f•3.75) 
Fig . 3-4 shows that the afterbody slender
ness ratio may be quite small without giv
ing rise to a large increase in drag. It 
should, however, be remembered that the 
flow induced by the wing lift will gener
ally alter this picture in an unfavorable 
sense. The tail booms, including the en
gine nacelles of the Arava, have a slender
ness ratio of 14, which shows that these 
parts have been designed with the object of 
keeping the wetted area to a minimum. 

Trainers and small touring aircraft (Fig. 
3-3c) carry a relatively small useful load 
in relation to the size of the fuselageand 
a certain measure of freedom is present i .n 
choosing the disposition of the occupants, 
the engine or engines, equipment and poss~ 
bly the fuel. The length of the fuselage 
tail will mainly be decided as a function 
of the operation of the tail surfaces. When 
two occupants are seated side by side a 
slenderness ratio of about 6 is a common 
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Fig. 3-4.Afterbody drag of a fuselage tail, 
when added to a cylindrical shape 

value; in a tandem arrangement this figure 
should be at least 8. An interestinq ex
ception is the Sipa Minijet dating froml952 
(Fig . 3-5a). This had a fineness ratio of 
3.3, which obviously showed that the aim 
was to achieve minimum drag for a given 
frontal area by using tail booms to carry 
the empennage. 
In the design of sailplanes (Fig. 3-3d) 
great emphasis is laid on minimum drag. 
For the forward part of the fuselage, there 
is a tendency to choose a shape which re
sults in minimum drag for a given cross
sectional area of the cockpit. From Fig. 
3-2 it can be seen that in such a case 
Af = 2.5 to 3 would lead to a low drag fig
ure. Contrary to the examples already dis
cussed, the assumption that the boundary 
layer is fully turbulent does not apply to 
gliders. When a favorable shape is chosen, 
the body shape may be compared to alaminar 
airfoil section revolved about an axis and 
the boundary layer will become turbulent 
some distance behind the nose. In that case 
the optimum slenderness ratio would be 3 to 
4. The length of the tail boom should be de
cided by the moment arm of the tail surfaces. 
The extremely slender boom will have a small 
wetted area as well as a low drag coeffi
cient . Attention should also be paid to the 
required stiffness and weight. 
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We have indicated the limited scope forop
timization in the case of subsonic aircraft 
with cruise Mach numbers up to .85. It is 
desirable to design close to the ideal 
streamline shape, provided the payloaddoes 
not dictate otherwise. The most appropriate 
fuselage shape will therefore be found by 
making different preliminary designs in 
which several arrangements of the load are 
worked out in detail. The slenderness ratio 
and shape of the fuselage are largely de
rived factors. 

At flying speeds above M = .85, fuselages having 

convent"i nn.al slenderness ratios will generally ere

at~ wave draq. As this chapter will not deal with 

a.Sipa Minijet (1952); fuselage length/diam
eter = 3. 3 

b.Boeing design for a transonic airliner 
(!~= .95- .98); application of the area rule 

c . A~'rospatiale/BAC Concorde supersonic pas
senger transport; fuselage length/diameter 

" 20 

Fig. 3-5.Examples of special ·fuselage snapes 



the aerodynamic problems occurring at transonic and (seat dimensions, seat pitch, safety provi

supersonic speeds we shall confine ourselves to dis- sions 1 etc.) . If more than 150 to 200 pas-

cussing a few brief examples. Boeing's design for sengers are to be accommodated the use of 

a transonic transport aircraft (Fig. 3-5b) shows two aisles should be considered; if more 

how a satisfactory drag at M = .95 to .98 can be than 500 passengers are carried, it becomes 

obtained by applying Whitcomb's area rule, combined feasible to think of using two decks. Inside 

with supercritical aerofoils. The central portion contour points are laid down which limit the 
of the fuselage has a kind of waist, which is un- internal dimensions of the cabin and the 
likely to present many problems with regard to in- freight hold. Around this a contour is drawn 

terior planning in the case of aircraft designed as tightly as possible. This will generally 

for a relatively small payload. Detailed studies, be circular in shape, but may be built up of 

however, will be required to show to what extent a circular segments (double bubble, flattened 

gain in cruising speed of 10 to 15% out:weighs the belly) . 

practical drawbacks of this fuselage shape. c. The external shape may be determined by 

Flight at supersonic speeds demands a very slender assuming the minimum thickness of the fuse-

fuselage in order to keep the wave-drag down to an lage walls (skin, formers, upholstering, 

acceptable value. For the Aerospatiale/BAC Concord~ etc.). 

the Tupolev 144 and the Boeing 2707 SST project, d. It will now be possible to draw in the 
slenderness ratios of about 20, 18.5 and 18 to 25, planview of the fuselage nose and tail, in-

respectively were chosen. Incidentally, it is inter- eluding the cockpit. These are parts which 

esting to note that both the Concorde (Fig. 3-Sc) do not possess a cylindrical contour. Since 

and the Tu-144 have a cylindrical mid-section. they generally contain fewer passengers per 

unit of volume than the cylindrical part, 
3.1.3. A design procedure for fuselages they should be kept as short as possible. 
with cylindrical mid-section Some guidelines can be found in Section 

3. 5 .1. 

The following design procedure, derived 

from Ref. 3-1, is applicable to fuselages 

of transport aircraft with a cylindrical 

mid-section. It applies particularly tothe 

large wide-body category transports. In the 

case of smaller transports catering for, 

say, less than 120 passengers, a somewhat 

simplified procedure may be used by as

suming that the passenger cabin is almost 

entirely cylindrical. Some of the steps to 

be discussed below are also applicable to 

cargo aircraft, but in many cases the lo

cation of the freight doors will be the de

ciding factor in the design (Section 3.3.3). 

a. Choose the number of seats abreast in a 

cross-section and/or the dimensions of the 

cargo load, selecting a section which will 

most likely determine the diameter of the 

central part of the fuselage. The remaining 

principal dimensions of the fuselage will 

be largely dependent on this parameter. 

b. Design the shape of the cross-section on 

the basis of certain predetermined rules 

e. The capacity of the fuselage nose and 

tail portions is subtracted from the total 

payload. For the remainder, essentially the 

major part of the payload, a prismatic por

tion is chosen. 

f. On the basis of the plans of side and 

front views, the following details may be 

decided: 

The main dimensions of the cockpit. 

- The dimensions and location of doors, 

windows and emergency exits, spaces required 

for embarcation and disembarcationor evacu

ation in case of emergency. 

- The tail of the fuselage. This must be 

planned in such a way that it will not cre

ate an unacceptable geometrical limit to ro

tation in takeoff and landing. 

- The indication of spaces for the wing cen

tre-section, attachment frames of the en

gines, retraction of the landing gear, 

pressurization and air-conditioning, electri

cal and electronic systems, etc., insofar as 

they are present. 

- The presence of adequate space below the 
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cabin floor for cargo and passenger bag

gage. If this is not available, consid~r

ation may be given to altering the shape 

of the cross-section (e.g. double bubble), 

increasing the diameter, raising thecabin 

floor, changing the arrangement of the 

seats, etc. 

g. If the first assumption does not lead 

to a satisfactory design, or if various 

possible solutions are to be evaluated, the 

procedure must be started again at a. and 

repeated as often as necessary. It will 

generally be necessary to check whetheral

ternative planning schemes are possible 

within the fuselage as it stands, e.g. 

different seating arrangements in various 

classes, combiplane*, freighter version , 

etc. 

The work scheduled above will lead to a 

provisional design when a number of data, 

such as those regarding the wing root lo

cation, are not yet available. In partic

ular the position of the center of gravity 

may necessitate a fundamental re-ar

rangement of the payload at a later stage. 

The preliminary design of the fuselage is 

made almost entirely on the drawing board 

since very few analytical studies are a

vailable in the existing literature. Pro

vided the outcome of these investigations 

is limited to the influence of the fuse

lage shape on empty weight and drag, the 

results sometimes prove reliable, though 

they are rarely accurate. Apart fromthis 

it is important to consider such factors as 

the comfort of the occupants, easy access 

for the passengers, embarcation andservic

ing and the influence which the shape of 

the fuselage has on the general configura

tion of the aircraft. These aspects all 

have an important bearing on operating e

conomy, although their influence cannot be 

evaluated quantitatively. Operating econo

my is of such vital importance that manu

facturers generally build one or more mock

ups of the fuselage before deciding on the 

*an airplane with eombined transportation 

of passengers and cargo on the main deck. 
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final design. A separate group is responsi

ble for the details of the interior desig~ 

but a useful starting point for this should 

be established in the preliminary design. 

3.2. THE FUSELAGE OF AIRLINERS AND GENERAL 

AVIATION AIRCRAFT 

3.2.1. Importance of comfort and payload 

density 

Although passengers judge the accommodation 

in an aircraft according tomany yardstick~ 

there are a number of minimum requirements 

which should be met. Comfort is mainly de

pendent on the following factors: 

a. The design and arrangement of the seats. 

This applies particularly to the adjusta

bility of the seat and the legroom availa

ble. 

b. The general aesthetic impressioncreated 

by the interior, especially the suggestion 

of spaciousness within the limited dimen -

sions of the cabin. 

c. The room available for the passenger to 

move about in the cabin. 

d. The climate in the cabin: temperature, 

moisture, freedom from draughts and the 

provision of an adjustable supply of air. 

It is important to keep the rate of pres

sure variations during climb and descent 

within acceptable limits. 

e. Noise in the cabin, or more specifically 

Speech Interference Level (SILl and the 

presence of resonances. 

f. Accelerations, mainly normal to the 

flight path but also in the direction of 

roll during braking. Apart from external 

factors such as the weather, comfort is 

largely influenced by wing design and the 

flexibility of the fuselage structure. 

g. The aircraft's attitude during climband 

descent. 

h. The duration of the trip. 

i. The number and accessibility of lava

tories, washrooms, lounges (if provided) 

an1 suchlike amenities. 
j. Stewardess service, in-flight enter

tainment, meal service, snacks, etc. 



The aircraft designer has, at least to 

some extent, some direct influence with 

respect to these factors : the space in the 

~uselage and the influence of wing design 

on accelerations (Wing loading, aspect ra

tio, angle of sweep) , Other factors, such 

as air-conditioning and pressurization, 

sound proofing etc. will be dealt with at 

a later stage of the design . The designer 

has no direct say in the in-flight services 

provided for the passengers, although he 

s hould allow for the weight and locations 

of toilet faci l ities, pantries and cloak

rooms. 

plush 

trip duration - hrs 

Fig . 3-6 . Volume per passenger and tripdura

tion (Ref. : The Architectural Review) 

Fig. 3-6 illustrates the space available i n 

an aircraft as compared with a number of 

other vehicles. It shows the relationship 

between the available volume per passenger 

and the average trip duration with respect 

to comfort. In the case of aircraft, a dis

tinction is made between different classes 

of fares. Any attempt to i ncrease the level 

of comfort by choosing a large cabinvolu~ 

will result in a growth in fuselage dimen• 

sions which will have a considerableeffect 

on operating costs . International agreements 

and competition generally make it impossible 

to offset this by increasing fares. On 

profitable routes where there is keen corn

petition, however, an increase in space will 
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Fig. 3-7.Equivalent payload density 

pay dividends . Statistical data (Fig . 3-7) 

clearly show that for takeoff weights in 

excess of 25,000 lb (11,000 kg) approxi

mately, the "density" of the l o ad varies 

little with the size of the aircraft. For 
most of the current fleet of transport air

craft the average density is 5 . 0 to 5 .5 

lb/cu . ft (80 to 90 kg/m3) while it comes 

to about 4.5 lb/ cu . ft (70 kg/m3J i n the 

case of the new category of large wide
body jets (Boeing 747, Douglas DC-10, Lock

heed L-1011, Airbus A-300 B) . In the case 

of small short-haul aircraft with an all

up weight of up to 25,000 lb ( ~ 11,000 kg) 

approximately, the design specifications 

vary so much that the load densities lie 

between 5.0 to 12 . 5 lb/cu . ft (80 - 200 

kg/ rn 3) even rising to 14 lb/cu. ft (220 

kg/rn3) in the Britten Norman BN~2A. 
In the above an average has been taken for 

the payload density and no allowance has 

been made for a distinction between the 

weights of passengers, luggage and cargo . 

This factor will be discussed in more de
tail in Section 3.2.5, when dealing with 
the dimensions of the cargo holds. 

3.2.2.Cabin design 

a. Cross-section . 
The first step is to decide upon thenuDibet 

of seats to be placed abreast in a cross

section . Fig. 3-8 shows several cross-~ec
tions investigated by the McDonnell Douglas 

Aircraft Corp., in connection with the de-

69 



._, 0 

~
 

8 
~
 
~
 

S
om

e 
o

f 
th

e 
ba

si
c 

cr
os

s-
se

ct
io

na
l 

al
te

rn
at

iv
es

 t
h

a
t 

D
o

u
g

la
s 

ha
s 

co
ns

id
er

ed
 f

o
r 

th
e 

ve
ry

 l
ar

ge
 a

ir
cr

af
t 

pr
oj

ec
t.

 
w

it
h

 a
 p

re
se

nt
-d

ay
 c

ro
ss

 s
ec

tio
n 

to
 p

ro
vi

d
e

 s
ca

le
. 

P
rim

e 
re

qu
ire

m
en

t i
s 

fo
r 

th
e 

8
ft

 x
 8

ft
 c

on
ta

in
er

 to
 b

e 
ca

rr
ie

d 
ef

fic
ie

nt
ly

. 
Th

e 
b

o
tt

o
m

-r
o

w
 (

m
id

d
le

) 
de

si
gn

s 
co

u
ld

 a
lte

rn
at

iv
el

y 
b

e
 m

ad
e 

ci
rc

ul
ar

, 
di

sp
en

si
ng

 w
it

h
 t

he
 u

pp
er

 
(d

o
tt

e
d

) 
lo

be
. 

F
ig

. 
3

-8
. 

F
u

se
la

g
e
 
c
o

n
fi

g
u

ra
ti

o
n

 
s
tu

d
ie

s
 
b

y
 
D

o
u

g
la

s 
(R

e
f.

: 
T

h
e 

A
e
ro

p
la

n
e
, 

A
ug

. 
4

, 
1

9
6

6
) 



sign of a very large transport which had 

also to be operated as a freighter. When 

studying la·rge aircraft of this kind va

rious configurations are projected . 

NUMBER OF SEATS A m 1m m um B minimum ,_ _________ 
--------1---------12 in. , 305mm 10 OR LESS 15 in. ,381 mm 

11 THROUGH 19 12 in. ,305mm 20 in. ,508 mm 
20 OR MORE 15 in. , 381 mm 20 in . ,508 mm 

Fig . 3-9. Minimum aisle width for passenger 

transports (Ref . : FAR 25.815 and BCARD4- 3 
par. 5 . 2.6) 

.. 
c 

·~·r---~:=:::::;::~------------~.;---~~ 

( M 

. IS'S 

...J!J....~U.Wt.t.--!--
o-- -<> 

0 
--~-l!...~ .H'!:!!. 
oo-~- ..o 

o -- -o a • 20 
o. -Cit9--- -oo 
o o c:P~---...0 18 

,, 
L-~--~----~~--~~----~~~--~~. 

20 •o eo 10 100 :wo ..ao 100 

NUMIEIIII OF SE ... l$, TOUAI$T CLASS 

Fig. 3-10.Statistical data on dimens ions 
for the aisle 

Details such as the dimensions of the seats 

(Section 3 .2.3) and the a isle(s) (Figs . 3-9 

and 3-10) are e ntered in the c ross-section. 

FAR 25 . 817 limits the number of seats on 

each side of the aisle to three, so ifmore 
than six passengers are planned in across

section the designer will have to allow for 

two aisles. The minimum permissible width 

of the aisle in transport aircraft is laid 
down in FAR 25 . 817 (Fig. 3-9) . All passen

gers must be able to move their heads 

freely without touching the cabin walls . 

This requires a free space with a radius 

of at least 8 to 10 inches (.20 to .25m), 

measured from the eyes . The cabin wall can 

then be drawn accordingly. In the case of 

pressure cabins the cross-section will 
generally be a circle, or it may be built 

up from segments with different radii (see 

examples in Fig . 3-11). If no luggage can 

be carried under the cabin floor, the fuse

lage belly contour may be flattened. This 

is sometimes done in the case of high wing 
monoplanes (e.g. the Fokker F-27) and has 

the advantage that the undercarriage may 

be shortened . The external fuselage diame

ter can be found from the internal dimen
sions by adding about 4 inches ( 10 em) for 
the thickness of the cabin wall . Remarkably 

enough statistics show that aircraft size 
has hardly any effect on the wall thickness 
of pressure cabins, though wide variations 

do, of course, exist. 
In aircraft where the pressure cabin is 

limited to the cockpit , or in unpressurized 

fuselages, a rounded rectangular, ellipti

cal or oval cross-section is a common 
choice. With the internal dimensions spec

ified, this generally leads to a minimum 

frontal area. In this category of aircraft 

we may assume the wall thickness to be 2% 

of the fus elage width plus approximately 

1 inch (25 mm) • 
The result of this design proceduremay be 
compared with Fig. 3- 12 which is based on 

existing aircraft and shows the fuselage 
width as a function of "total seat width" 

in the cross-section. 

b . Location of s eats and dimensions of the 

cabin , 
In order to increase the flexibility o f the 
cabin interior, the s e ats are mounted on 
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Dassault "Fa l con" 10 

1-----..... --... --- ---1 

De Havilland Canaua DHC-7 

BAC- 1 11 
VFW-Fokker 614 

De Havilland Canada 
DHC- 6 "Twin Otter" 

16FT NOMINAL 

Boeing 747 

92 1Nx641Nx6Q_5 IN 
CONTANERIZEO 
BAGGAGE 

Dassault Br~guet 
Mercure 

Fig. 3-11. Example s o f some typical fuse lage cross-sections of transport aircraft 
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Fig. 3-12.Fuselage width vs. "total seat 

width" 

rails sunk into the floor. Standard seat 

rails allow the seat pitch (i.e. the longi

tudinal distance between corresponding 

points on the two nearest seats in a row) 

to be adjusted by increments of one inch. 

Seat pitch is generally associated with the class 

of service. At present, however, the terminology 

in the comfort standards is somewhat confu~ed due 

to the historical developments in passenger serv

ice. 

Up to about 1950 the level of seating comfort on 

normal journeys could be compared to the current 

first class standard which offers a seat pitch of 

40 inches. As a result of pressure by airlines 

which charged lower fares for special flights ("air 

coach"), the tourist class was introduced around 

1952. This differed from first class not only in 

that seats were more closely spaced (pitch about 

38 inches), but in some cases the number of seats 

abreast was also increased. Another factorwas the 

type of meal served. AroWld 1959 the official 

tourist class was replaced by the economy class with 

a typical seat pitch of 34 inches. Nowadays the ex-

pressions "tourist", "coach" and "economy" are used 

without any explanation of the exact distinction be

tween them. There is also "high density" seating 

with a pitch down to 29 or 30 inches. To avoid this 

somewhat unattractive term, some companies prefer to 

use the expression ''economy class" in order to avoid 

adverse passenger reactions. 

As a guideline the following figures may be 

used for typical seat pitch values: 

first class 38 to 40 inches 

tourist/coach/economy: 34 to 36 inches 

high density/economy: 30 to 32 inches. 

Since comfort is not only a matter of seat 

pitch, the choice of pitch may also be in

fluenced by the trip duration and the width 

of the seat. Another important point is the 

maximum number of seats abreast: passengers 

tend to dislike three seats in a row. This 

can be improved by choosing a greater pitch 

or by using a wider center seat. 

If there is a wall or partition in front of 

a row of seats some space should be left to 

allow sufficient leg room and permit limit

ed adjustment of the seat back. A distance 

of about 40 inches between the seat back

rest and the partition should be adequate. 

Extra space is also required at the emer

gency exits (see Section 3.2.4). 

The cabin floor should preferably be kept 

level in the normal cruise attitude, al

though this may not always be possible nor 

necessary in a small aircraft. It is par

ticularly important to have a level floor 

in large aircraft where food and drinks are 

served from carts. The floor should be suf

ficiently strong to support the maximum 

number of passengers in a high density lay

out. The permissible floor loading should 

generally be at least 75 to 100 lb/sq. ft 

(350 - 500 kg/m2 ), but 200 lb/sq. ft (1000 

kg/m2 ) is required when the floor has to 

carry freight. The thickness of a canti

lever floor will be about 5% of the fuse

lage diameter. The total floor area canbe 

found from the fuselage design drawing. 

Statistically average values are 6.5 sq. ft 

(.6 m2 ) per passenger for normal aircraft 

and 7.5 sq.ft (.7m2 ) for wide-body jets, 

both in an all-tourist configuration. 

When the seats have been arranged and lavato

ries, pantries, wardrobe(s), freightholds 
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above the floor and space near the 
doors have been accounted for, the 

position of the forward and rear

ward bulkheads of the cabin may be 

fixed. A check on the total cabin 

width and length can be made with 

the statistical data in Fig. 3-12 

and 3-13. When the cross-section 

of the fuselage has been decided 

upon and the remaining dimensions 

of the cabin laid down, the plan 

view and side elevation of the 

passenger section can now be com

pleted on the drawing. An example 

of a cabin layout is given in Fig. 

3-14 . Additional data required for 
the layout design are given below. 

Fig. 3-13.Statistical correlation at the cabin 
length 

270 PASSENGERS -+--1-+-++-+-+-+-1-II__,IH 
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2. 4.1 PASSENGERS -MIXED CLASS 
MODEL DC-10 SERIES 10, 20 AND 30 

Fig. 3-14.Cabin arrangement of the McDonnell Douglas DC-10 
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3.2.3.Passenger seats 

Although the preliminary design will be 

based on a certain type of seat, due al

lowance should be made for the fact that 

airlines tend to lay down their own spec

ifications for the cabin furnishings. The 

passenger seats on which data are given in 

Fig. 3-15 and Table 3-1 are representative 

Fig. 3-15.Definitions of seat dimensions 

of the types in normal use at the time of 

writing. They are classified as follows: 

de luxe type: seat pitch 37-42 inches 

normal type : seat pitch 32-36 inches 

economy type: seat pitch 28-31 inches 

The de luxe type is used in the first class 

section, while economy-type seats are 

fitted in the high-density class. Apart 

from this there is no clear-cut relation

ship between the comfort classes and the 

classification given above. Seats may also 

be listed according to the width between 

the armrests (distance "a" in Fig. 3-15), 

as follows: 
de luxe: a = 19 inches 

normal 

narrow 

a = 17 inches 

a = 16 inches 

A seat width of 19 inches (48 em) corre

sponds approximately to· first class in most 

passenger aircraft, but is also used in the 

tourist class of wide-body jets. In the lat

ter type of aircraft it is also possible to 

use a layout with normal seat width, thus 

enabling one more seat to be added to a 

cross-section. Ref. 3-9 employs a somewhat 

more detailed distinction according to the 

standards used in international anddomestic 

SB4T CLASSIFICATIOH 

SYIIIOL• UNIT liE WXE IIOIIIW. ICCJII(Ift . inch 20(181-21) 17(161-17f) 16.5(16-17) ... 50(47-53) 43,5(42,5-45) 42(40,5-43,5) 
b .. 

2 inch 47(46-4811 40(39-41) 39(38-40) .. 120(117-123) 102(10D-105) 99(47-102) 

b .. inch - 60(59-63) 57 
3 ... - 152(15D-160) 145 

I inch 21 21 2 ... 7 5.5 5 

b inch 42(41-44) 42(41-44) 39(36-41) 

em 107(104-11 2) 107(104-112) 99(92-104) 

k inch 17 171 171 ... 43 45 45 . inch 71 81 81 ... 20 22 22 

n inch 1 32 (24-34) ... I 
uau'ally 

81 (61-86) 

p/p108X inch i 28/40 27/371 26/351 

em i 71/102 69/95 66/90 

a.ta,..x dec j 15/45 !5/38 15/38 

*definitions in Fig. 3-15 

**the index denotes the number of seats per 
block 

NOO'EE 

1. The data represent normal values and are not 

standard values. A statistical range is indicated 

in brackets. 

2. In wide-body aircraft, seats are used in the 

tourist/coach class with a=19" (48 em), b3•66" 

(168 em), h=43" (109 em). In high-density arran!J

ments the "normal" type seat is used. 

3. In third-level aircraft it is customary to in

stall seats with only one or no armrest, with 

typical dimensions: width 160," (42 em), h•35" 

(89 em), p=26" (66 em). 

Table 3-l.Seat dimensions (Ref.: Seat manu

facturers brochures, Flight Int., July 8, 

1965) 

transport. The seats used in long-range air

craft are often finished more luxuriously, 

with a resultant effect on weight. 

The above applies to aircraft used for nor

mal transport routes. The following data 

apply to other types: 

a. Small passenger aircraft for lowdensity 

traffic: third level, commuters, feederlin

ers. These only make short flights and this 
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justifies the use of simply designed seats 
without armrests. The seat pitch would be 
30- 36 inches (76- 81 em). 
b. Business aircraft are generally fur
nished in lavish style and there is a con
siderable variation in seat dimensions. One 
finds seats with a width of 24 inches (60 
em) across the armrests and a pitch of 34 -
36 inches (86- 92 em). When the aircraft 
is used for passenger transport the pitch 
is reduced to 30 inches ( 76 em) and a bench 
seat for three passengers may be provided 

Seats and seat mounts are designed for passenger 

weights of 170 lb (77 kg). Normal loads must be 

absorbed during flight and on the ground, but the 

loads occurring during an emergency constitute a 

more critical case e These are laid down in the air-

worthiness regulations as follows: 

for- rear- up- down- side-

wards wards wards wards ways 

FAR 25.561 9 g 2 g 4.5 g 1.5 g 

BCAR 03-8 9 0 1.5g 4.5 g 4 g 2.25 g 

at the rear of the cabin. According to FAR 25.785 an additional factor of 1.33 

c. Private aircraft generally have no aisle applies to seat fittings. 

between the seats and it is not so much the some data on seat weights can be found in Table 3-2. 

seat width as the cabin width whichmatter& 
Taking the average shoulder width of an oc
cupant as 20 inches (51 em) and allowing 
for 2 inches (5 em) clearance on either 
side, the minimum internal width will be 
21 inches (61 em) for a single tandem ar
rangement and 46 inches (117 em) forside
by-side seating. A narrower cabin will give 
most occupants a cramped feeling. 

MEDIUM/ 
SEAT CLASSIFICATION LONG HAUL 

de luxe -single 

-double 

normal -single 

-double 

-triple 

economy -single 

-double 

-triple 

commuter-single 

-double 

lightweight seats 

attendants' seats 

executive seats, 

single - VIP 

- normal 

LB KG 

47 21.3 

70 31.8 

30 13.6 

56 25.4 

78 35.4 

24 10.9 

47 21.3 

66 29.9 

- -
- -
- -
18 8.2 

50 lb (22.7 kg) 

40 lb (18.1 kg) 

- small a/c: 32 lb (14.5 kg) 

SHORT 
HAUL 

LB KG 

40 18.1 

60 27.2 

22 10.0 

42 19.0 

64 29.0 

20 9.1 

39 17.7 

60 27.2 

17 ' 7. 7 
29 13.2 

14 6.4 

14 6.4 

ejection seats - trainers: 150 lb (installed) 

Table 3-2. Typical seat weights for civil 
aircraft 
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3.2.4. Passenger emergency exits, doors and 
windows 

The following is an extract .from the air
worthiness requirements which contain the 
most relevant points for a preliminary de
sign. This extract has no legal validity 
and the actual requirements should be con
sulted for more detailed particulars. 

a. Passenger aircraft, to be certificated 
according to FAR 25 and BCAR Section D 
(see FAR 25.807 through 813 and BCAR Sec
tion D para. 5 of chapter 04-3). 

Emergency exits are generally grouped in 
four classes, the particulars of which are 
given in Fig. 3-16 and Table 3-3. Types I 
and II are located at cabin floor level, 
unless type II is placed above the wing. 
Types III and IV are located above the wing. 
Apart from these, FAR 25.807 also describes 
ventral emergency exits and escapes through 
the tail cone. 
The minimum number of exits required is 
shown in Table 3-4. Aircraft carrying more 
passengers than are given in this table 
must comply with special conditions. The 
FAR requirements demand exits of type A, 
not less than 42 inches wide and 72 inches 
high (107 x 183 cm2). The reader should 
refer to FAR 25.807 for details regarding 
location, accessibility, escape chutes,etc. 
for this class of aircraft. 



TYPE I AND n 

--a---
Fig. 3-16.Classification of emergency exits 

MAX. KEICKT 

EMERGENCY EXIT (min) (111in) (max) OF STEP 

CLASSIFICATION intide outside 

AHD LOCATION inches inches inches (hi) (hz) 
inches inches ,_, ,_, ,_, ,_, ,_, 

FLOOR LEVEL 24 48 :l-• (610) (1219) 

I FLOOR LEVEL 20 44 J B II 
(508) (1118) 10 17 I ABOVE WING (254) (4]7.) 

III ABOVE WING 20 " J 8 
20 27 

(508) (915) (508) (686) 

IV ABOVE WING " " t II " " (483) (661) (737) (914) 

NOTE 

dimensions defined in Fig. 3-16, according to 

FAR 25.807. 

Table 3-3.Classification of emergency exits 

When it is impossible to place exits above 

the wing, as in the case of high wing air

craft, an exit having at least the dimen

sions of type III should replace each exit 

III and IV as shown in Table 3-4. 

When these requirements are difficult to 

fulfil, the exceptions listed in FAR 25 

should be consulted. Additional require

ments apply to aircraft which are to be 

certificated for making emergency descents 

on water (FAR 25.807 para. d). There should 

be unobstructed access to emergency exits; 

NUMBER OF EXITS REQUIRID 
SEATING CAPACITY ON EACH SIDE OF THE PUS!LAGI 

(EXCL. CABIN STAFF) 
TYPE I TYPE II TYPE III TYPE IV 

I through IQ - - - I 

II through 19 - - I -
20 through 39 - I - I 

40 through 59 I I - - I 

60 through 79 I - I -
80 through 109 I - I I 

110 through 139 2 - I -
140 through 179 2 - 2 -

1. BCAR requirements are slightly different for 

1-10 passengers; for this case an,eOOergency exit 

of type III is required on both sides of the 

fuselage. Two exits of type I and II are required 

for a seating capacity of 180 up to 219. 

2. The relevant rules should be consulted where 

passenger seats exceed this number and for 

special regulations. 

3. Exits need not be at locations diametrically 

opposite each other. They should be located in 

accordance with the passenger seating distribution. 

4. Two exits of type IV may be used instead of each 

type III exit. 

5. The classification of emergency exits is defined 

in Table 3-3 and Fig. 3-16. 

Table 3-4. Minimum number of passenger emer

gency exits according to the FAR Part 25 

requirements 

the width is laid down in the BCAR require

ments as 20 inches (51 em) for types I and 

II. 

Reference 3-4 recommends the following 

standards: 

Type I 36 inches. 

Type II 20 inches. 

Type III and IV: 18 inches. 

These distances determine the seat pitch 

next to emergency exits and will therefore 

affect the total cabin length. 
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b. Aircraft to be certificated according to Tests: The proper functioning of each emer-
FAR Part'23. gency exit must be shown by tests." 

The following is quoted from FAR Part 23.807 c. Passenger doors and windows. 

If a door is to be certificated as an eme~ 
"Number and location: Emergency exits must gency exit, it should at least be as wide 
be located to allow escape in any probable as the relevant type of emergency exit. A 
crash attitude. The airplane must have at door, qualifying for exit type A, should 
least the following emergency exits: therefore be at least 42 inches (107 em) 
(1) For all airplanes, except airplanes 
with all engines mounted on the approximate 
centerline of the fuselage that have a seat>
ing capacity of five or less, at least one 
emergency exit on the opposite side of the 
cabin from the main door sp4cified in para. 
23.783. 

(2) Reserved. 

(3) If the pilot compa~tment is separated 
from the cabin by a door that is likely to 
block the pilot's escape in a minor crash, 
there must be an exit in the pilot's com
partment. The number of exits required by 
subparagraph (1) of this paragraph must 
then be separately determined for the pas
senger compartment, using the seating ca
pacity of that compartment. 

Type and operation: Emergency exits mustc 
be movable windows, panels, or external 
doors, that provide a clear and unob
structed opening large enough to admit a 
19-by-26 inch (483 x 660 mm) ellipse. In 
addition, each emergency exit must 
(1) be readily accessible, requiring no 
exceptional agility to be used in emergen
cies, 

(2) have a method of opening that is simple 
and obvious, 

(3) be arranged and marked for easy loca
tion and operation, even in darkness, 
(4) have reasonable provisions against 
jamming by fuselage deformation, and 

(5) in the case of acrobatic category air
planes, allow each occupant to bail out 
quickly with parachutes at any speed be
tween v8* and V0 • 

0 

stalling speed, flaps down; 

design diving speed. 
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wide. 

For a maximum of up to 70 or 80 passengers, 
one passenger door is generally sufficient, 
while two doors can be used for up to about 
200 passengers. 

Passenger doors are located to port while 
service doors are fitted to starboard. Wide
body jets are an exception as these can be 
boarded from both sides. 

Doors should preferably be 6 ft high and 
3 ft wide (1.80 x .90 m2 ) but these di
mensions are difficult to achieve in the 
case of smaller aircraft. 
The window pitch is not always decided by 
the seat pitch, but frequently by the op
timum distance between the fuselage form
ers. An average figure is 20 inches (.50 m) 
for the former and window pitch. In pres
sure cabins the windows are circular, rec
tangular with rounded corners, elliptical 
or oval in shape. The top of the window is 
roughly at the passenger's eye level. 
In the case of smaller aircraft the 
main frames will have to be installed at 
the wing attachment points and these will 
influence the location of doors and windows. 
Access to passenger doors, service doors 
and panels should be unobstructed from both 
the outside and the inside. For example, 
the space between the wing and the fuse
lage-mounted engines should permit suffi
cient freedom for maneuvring food carts and 

cargo loaders. 

3.2.5.Cargo holds 

The design specification does not always 
stipulate the amount of cargo to be carried 
Airlines may have radically different re
quirements, depending on the kind of traf
fic they carry, so the best way is to con-



duct an inquiry among potential customers. 

If there is no time for this, the method 

given below may provide a quick answer. This 

is based on the following assumptions: 

Volume-limited and structure-limited pay

load are equal. 

2. Weight of a passenger is 170 lb (77 kg), 

see BCAR Section D, ch. D 3.1 para. 3.4. 

3. Luggage weight is 35 lb ( 16 kg) per pas

senger on short-haul flights and 40 lb (18 

kg) on long-haul flights. 

4. Loading efficiency is 85%, i.e. 15% of 

the space is lost. 

5. Average density of cargo is 10 lh/cu.ft 

(160 kg/m3 ) and of luggage 12.5 lb/cu.ft. 

(200 kg/m3). 

Ignoring storage losses at the freight 

doors, the following expression can be de

rived: 

Freight hold volume= .118 cu.ft per lb 

(.0074 m3 per kg) of 

max. payload minus 20.8 

cu.ft (.59m3 ) perpas

senger. 

A~ternatively, this expression can be used 

to obtain the volume-limited payload*: 

Max. payload= 8.5 lb per cu.ft (136 kg per 

m3 ) of freight hold volume 

plus 177 lb (80 kg) per pas

senger. 
This yardstick may be used in the prelimi

nary design stage but ~t cannot be applied 

to all aircraft. There is sometimes a space 

limit to the load, while the structure is 

strong enough to carry greater loading 

weights. In other cases, a limit is set. by 

the difference between the Maximum Zero Fuel 

Weight and the Operational Empty Weight. 

This is generally an undesirable condition 

on civil aircraft. Belly freight holds 

should have an effective height of at least 

20 inches (50 em) but a height of more than 

35 inches (90 em) is to be preferred, par

ticularly when it is necessary for staff to 

work in the hold. This condition cannot be 

*This term is explained in Section 8.2.2. 

satisfied for fuselage diameters of less 

than about 10 ft (3 m), so either a double

)Ubble fuselage cross-section will have to 

>e adopted or the freight holds must be lo

cated above the floor. 

To control the center of gravity travel it 

might be of advantage to keep the underfloor 

holds both ahead and behind the wing. Small 

twin-engined aircraft sometimes have a lug

gage hold in the (fuselage) nose ahead of 

the cockpit or in the engine nacelles. In 

pressurized airliners the freight and bag

gage holds are pressurized as well, though 

the temperature may be lower than in the 

cabin. They must be easily accessible by 

means of hatches or be located close to a 

door. When determining the volume required, 

allowance should be made for possible loss 

of space near the hatches. 

In the case of very large aircraft, it is 

recommended that freight holds be designed 

to take the universal containers used in 

other wide-body jets; the relevant dimen

sions are given in Fig. 3-20. 

3.2.6 Services 

Although the airliners belonging to the IATA 

have come to certain arrangements regarding 

the service to be offered to the passenger, 

individual companies have varying ideas a

bout this. Before starting the design of 

the cabin, the outcome of a separate study 
devoted to this subject should be obtained 

and be incorporated in the specification. 

An example of one of these studies is pro

vided by Ref. 3-9. 

a. Pantries, lavatories and wardrobes. 

The number and dimensions of the above fa

cilities are shown in Table 3-5. The data 

are derived from standard type specifica

tions and do not necessarily apply to in

dividual users. Some flexibility in layout 

design should be incorporated. 

Location: For aesthetic reasons toilets 

should preferably be located so that they 

are not directly visible from the pantry. 

They should be easily accessible, and when 
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galleys toilets 
Aircraft type: Npass Rang .. .. 

NM .. .. - il 1 x b (inch) 1 1 x b (inch) 
a 

Airoapatiale N-262 Frigate 29 400 I 23 X 20 I 41 X 28 
Grullllll8n Gulfstreaa I 19 2100 I 34 X 25 I 67 X 37 
Hawker Siddeley 748 srs 200 44 1000 I 37 X 14 I 53 X 35 
Fokker-VFW F. 27 Friendship sra 200 48 1100 I 43 X 35 I 47 X 46 
De Havilland Canada DHC-7 44 800 I 26 X 24 I 46 X 30 
Lockheed L-188 Electra 95 2300 2 46 X 26 4 46 X 41 

HFB 320 Hansaj et 7 1000 I 24 X 24 I 30 X 26 
Hawker Siddeley HS-125 sra 400 8 1450 - I 35 X 28 
Dassault Falcon 20.F 10 1500 I 27 X 18 I 44 X 30 
Dassault Falcon 30/Mysdre 40 34 750 - I 41 X 31 
VFw-Fokker 614 40 700 I 35 X 28 I 55 X 32 
Fokker VFw-F. 28 Mk 1000 60 1025 I 44 X 25 I 58 X 25 
BAC-111 srs 200/400 74 900 2 49 X 22 2 65 X 35 

Me Donnell Douglas DC-9 srs 10/20 80 1100 I 48 X 33 2 48 X 48 

Boeing 737 srs 200 115 1800 I 55 X 43 2 43 X 34 

Aerospatiale Caravelle 12 118 1000 I 51 X 43 2 55 X 43 
Dassault Mercure 140 800 - 2 47 X 34 

Boeing 727 series 300 163 1150 2 51 X 32 3 43 X 39 
Europlane 191 1400 3 42 X 42 4 42 X 42 

A-300 B/4 295 1600 3 - 5 59 X 35 
Lockheed L-1 011 330 2700 I 20 X 13.5 ft2 7 45 X 36 
Me Donnell Douglas DC-10 380 3000 I 

under floor 9 40 X 40 galley 
BAC-VC-10 135 4200 I 49 X 32 5 47 X 41 

Boeing 707-320 B 189 5000 2 79 X 47 4 40 X 37 
Me Donnell Douglas DC-8 sra 63 251 4000 2 48 X 34 5 42 X 42 

Boeing 747 490 5000 4 6.6 X 2.1 ft 2 12 40 X .40 

NarES: 

Npass =maximum number of passengers, tourist class, approx. 34" seat pitch 
Ranqe at about Npass x 205 lb payload and including normal fuel reserves 
Dimensions are approximate average length x width; toilets are not always 
rectangular. 

wardrobes 

.. pass .. 
toilet 1 1 x b (inch) 

29 I 40 X 24 

19 I 36 X 32 

44 -
48 I 31 X 16 

44 I 26 X 24 

24 2 46 " 34 

7 I 24 X 15 

8 I 24 X 12 

10 I 51 X 25 

34 -
40 65 X 40 

60 I 25 X 21 

37 I 49 X 22 

40 2 48 X 21 

58 I 55 X 43 

59 2 24 X 17 

70 2 49 X 16 

55 -
48 I 52 X 26 

59 -
47 - head racks 
42 2 6.3 X 1.8 ft 2 

27 2 42 X 24 

48 I 79 X 43 

so 4 34 X 20 

41 2 5.9 " 2.3 ft 2 

Table 3-S.:Number and dimensions of galleys, lavatories and wardrobes of some airliners 

the cabin arrangement includes a separate 
first-class section it is de.sirable to pro
vide toilet facilities in that part too. 
Toilets are generally not movable since they 
form an integral part of the aircraft struc
ture and require special provisions. Only 
limited flexibility is available with regard 
to the location and arrangement of galleys. 
It is advisable to locate these facilities 
at the forward and/or rearward end of the 
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cabin, thus allowing for different cabin 
layouts. It is permitted to locate them in 
the plane of the propellers. In the case of 
wide-body jets, space may be saved by 
placing the pantry below the floor. 
When servicing, loading and unloading the 
aircraft between flights, the following op
erations are performed: 
- replenish potable water, 
- remove left-over food, drinks and waste 



from the pantries and take on fres sup
plies, 

- service toilets, 

- clean cabin, 
- unload and load passengers freight and 

luggage. 

The trucks, stairs, carts, loaders, etc. 
needed for these operations should not ob
struct each other, which means that care
ful planning of door locations and service 
points is required, particularly in thecase 
of large aircraft. An example is given in 
Fig. 3-17. 

b. Cabin systems. 

Among the facilities which should be avail
able in every passenger aircraft are a pub
lic address system, lighting, cooling air 
(operated by the passenger), hatracks over 
the seats and space for hand luggage. A 
supplementary oxygen supply is compulsory 
when cruising height is above 25,000 ft 
(7620 meters), cf. FAR 91.32. 

c. Cabin staff. 
The minimum number of flight attendants is 
specified by the airworthiness regulations 

Fig. 3-17.Ground han
dling of the Lockheed 
L-1011 Tristar 

(e.g. FAR 91.215); the actual numberof cab
in staff is fixed by the company. The fol
lowing data from Ref. 3-9 give the average 
number of passengers per member of cabi~ 

staff: 

first mixed tourist 
class class 

International sched-
uled flights 16 21 31 
U.S.A. domestic 
flights 20* 29 36 
Other domestic 
flights 21 39 
At least one folding chair is placed at 
each exit for members of the cabin staff. 
This should permit a good view into the 
passenger cabin. 

*revised number 

3.3.THE FUSELAGE OF CARGO AIRCRAFT 

3.3.1. The case for the civil freighter 

During the sixties the transport of air 
freight has shown a very rapid annual growth 
of the order of 19% in terms of ton-miles 
carried per year. According to ICAO projec-
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tions this growth will continue during the 

seventies at an average rate of 16% per 

year. It is therefore remarkable that until 
recently only very few aircraft were de

signed specifically for the transport of 
air freight. There are several reasons for 
this. 

a. A considerable amount of cargo is carried 
in the bellies of passenger transports, e.g. 
approximately 60% in 1970. The transporta

tion costs are quite ~ow in that case, for 
the extra direct operating expenses emerge 
mainly in the form of fuel costs. 
b. Extensive use is made of 

- special freight versions of passenger 
transports (e.g. Douglas DC-8-62F, 
Boeing 707/320 C), 

- Quick Change (QCJ or Rapid Change (RC) 
versions of passenger aircraft, (e.g. 
DC-9-30RC, Boeing 727-200 QC), 

- civil freighters as a derivative of 
military freighters (e.g. Lockheed C-130 
and Ll00/L200), 

- obsolete passenger transports, con
verted into freighters (Douglas DC-6, 
Lockheed L-1049). 

Provided the growth of air freight continues on the 

same lines in the coming years, an expanding market 

can be expected for new freighter aircraft. The fol

lowing arguments favor such a development. 

a. Most converted passenger transports have loading 

doors in the side of the fuselage. In view of the 

increasing popularity of 8 ft x 8 ft containers, 

very large doors miqht be required in the future, 

while most passenger cabins, except on the wide

body jets, are not sui table for these sizes. It may 

prove prohibitive to design the cabins of short-to

medium haul aircraft especially for container trans

port in view of the cost penalty involved. 

b. The average density of freight is considerably 

higher than th<' payload density of a passenger cab

in. The difference is likely to increase in the fu

ture, as passenger comfort will be improved, while 

freight densities are tending to increase. Conse

quently" the passenger transport converted into a 

freighter will have a payload that is 1. 5 to two 

times as large. The Max. zero Fuel Weight* will have 

*This term is explained in section 8.2.2. 
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to be increasedand the floor strengthened, although 

weight is saved due to the absence of furnishings. 

Assuming only minor Operational Empty Weight reduc

tion and equal Maximum Takeoff Weight, fuel weight 

must be decreased. On short- to medium-range air

craft with high bypass ratio engines, relatively 

little fuel reduction will be achieved at the ex

pense of appreciable range and at max. payload the 

range may be insufficient. An increase in the take

off weight will generally require a new type of en

gine. On the assumption that the growth of air 

freight will beat that of passenger transport, a n..-.. 

market will emerge for specialized civil freighters, 

- for long distance transport, in view of the large 

amount of cargo offered; 

- for short distances, converted passenger aircraft 

being unsuitable for this purpose. 

In choosing the size of a new freighter, 

one of the prime factors to consider is 
the direct operating cost (d.o.c.) (Fig. 
3-18). For a given number of aircraft pro-
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Fig. 3-18. Effect of freighter size on di
rect operating costs 

duced, the d.o.c. will decrease with air
plane size. The reasons are mainly the low
er fuel cost per lb of air freight, the de
creasing cost of flying staff, systems and 
maintenance. On the other hand, it will be 
extremely difficult, if not impossible, to 
sell 100 aircraft of the size of the L-soo*. 

*A civil version of the c-5A (project). 



Therefore, assuming a market share in the 

form of a constant ton-mile production, the 
result will be an optimum size. Incidental
ly, in the example presented here, the spe

cialized freighter cannot compete with 
freighter versions of passenger transports. 

3.3.2. Payload density and volume of the 
freight hold 

The following factors may play a part in 

deciding whether to ship goods by air or 
by surface transport: 

a. Fast transport may prevent decay or dep
reciation. Examples are: foodstuffs, fresh 
vegetables, fruit, cut flowers, certain 

types of animals. Some highly valuable 
goods and expensive instruments are ideal 
items for air cargo. 

b. Rapid distribution of an article may in
crease its sales potential (e.g. newspapers) 
or enhance a service (airmail). 
c. Air transport may lead to a reduction in 
storage space and capital investment in 
spares. It is more advantageous to ship 
certain goods by sea, the ship sometimes 
also serving as storage space. These are 
generally goods with a high specific den
sity. 

d. Transport of spare parts, modified prod
ucts or new models may be important in the 
case of a hold-up in a production line. 
Goods whose value depends on fashion will 
generally be sent by air. 
e. Packing costs for air freight are some
times considerably lower than those for 
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surface transport. Less damage is incurred 

during loading and unloading, particularly 
when containers are used. This results in 
lower insurance rates. 

f. Isolated regions will be difficult to 
reach owing to time-consuming surface 
transport. In such cases air transport will 

be the only means of meeting their require
ments with regard to medical supplies and 
perishable foods, etc. 

From histograms giving dimensions and den
sities (examples in Refs. 3-11 to 3-14, see 

also Fig. 3-19) it can be seen that freight 
presents a wide variety of characteristics. 
Processing on the airfield as well as in 
the aircraft demands more equipment and 
manpower and is considerably more costly 

than the transport_of passengers. 
It is possible to imagine the optimum case 
when the freight hold is completely filled, 
while at the same time the payload is maxi
mum. However, when loads of a typically 
high density are carried, the hold will be 
only partly filled, with the result that 
the unused empty space will increase the 
drag and weight. With low density loads, 
however, there will be less than the per
missible weight in freight and the aircraft 
will in some way be excessively strong. A 
proper mean can only be found on the basis 
of detailed data concerning the dimensions 
and weights of the goods to be carried and 
these should be supplied by potential cus
tomers. In some cases a few preliminary lay
outs are made, using fuselages suited to 

Fig. 3-19. Histograms of specific 
density of freight 
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different load densities in order to see 
which choice will maximize the revenue. Al
though most histograms show a peak at 10 to 
12 lb/cu.ft (190 kg/m3), goods of higher 
density are offered at widely varying fre
quency. Ref. 3-12 recommends that the vol
ume of the hold should be determined by 
means of the following data which apply to 
bulk transportation of goods. 

Net volume= d7nsity res7rve x av. dens1ty of fre1ght offered 

x max. payload x average freight percentage 
stowage factor 

The average freight percentage, comparable 
to the average load factor for passenger 
transports, may be put at .65. The reserve 
density magnitude 1.20 to 1.30 is required 
to allow for freight having a lower density 
than the average. 
The stowage factor represents the percent
age of usable space in relation to the net 
volume. This allows for space losses for 
storage nets, clearance between cargo and 
~tructure, room for inspection, etc. De
pending on the fuselage shape and the par
ticular nature of the freight, this factor 
may vary between .70 and .85. Combining 
these data, the result will be a space
limited payload in the case of average and 
low densities. For a density of 15 - 25 
per cent higher than the average, the max
imum payload capacity_ will be obtained. 

3.3.3. Loading systems 

The use of pallets and containers has pro
gressively increased in recent years. The 
characteristics and dimensions of some 
standard sizes, as presented in Fig. 3-20, 
form the starting-point for freight hold 
design. 

Modern civil airliners have special mechan
ical loading systems for the rapid loading 
and unloading of standard size pallets and 
containers. These systems are resulting in 
increased aircraft utilization, especially 
on short-haul routes •. The Douglas Corp. de
veloped the 463L system for the USAF, a 
complete system for handling freight both 
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on the ground and in the aircraft itself. 
It is being used in the Lockheed C-130, 
C-133, C-135, C-141 and C-5A aircraft. The 
system utilizes 88 x 108 inch pallets and 
trailers with a platform, 20ft wide and 
48 ft long, provided with rollers and ad
justable to heights between 40 inches and 
156 inches in order to fit various aircraft 
floor levels. Roller conveyor strips are 
mounted on the fuselage floor and the rails 
used to guide the pallets can be adjustetl 
to various standard sizes. Similar to this 
is the Rolamat system used in the Hawker 
Siddeley Argosy (Fig. 3-21), which is de
signed to increase the loading capacity to 
4, 000 lb per minute. Latching points in the 
floor are present to secure the load by 
means of nets and ties. When these nets are 
designed for normal loads only, a strong 
net is required in front of the freight 
hold to catch the load in case of a 9g 
deceleration. Frequently, however, contain
ers and pallet nets are designed to cope 
with this load and the catching net is not 
required. 
In the case of combined transportation of 
passengers and freight on the same floor, 
it is advisable to locate the freight hold 
in front of the passenger cabin. Apassage
way between the cockpit and the passenger 
cabin is then required. 

3.3.4. Accessibility of the freight hold 

Although many passenger aircraft which have 
been converted into freighters have side 
doors, a pure freighter should have better 
accessibility via doors in the front or 
rear of the fuselage to allow loading in a 
longitudinal direction. The Lockheed C-130 
and the Hawker Siddeley Argosy have proved 
that a readily accessible floor level of 
approximately 4 ft is possible, without un
due compromises in the general arrangement 
of the aircraft. Various possibilities for 
the door location are illustrated in Fig. 
3-21 and these are discussed below. 
a. Door in the fuselage nose, as used on 
the Bristol Freighter, the Hawker Siddeley 
Argosy, the Lockheed C-5A, the Boeing 747F 
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a. Front loading and the use of the Rolamat 
system (Hawker Siddeley Argosy) 

c. Swing-tail (Canadair CL-440) 

b. Rear loading door and ramps (Hawker 
Siddeley Andover) 

d. Rear loading door on aircraft with tailbooms 

Fig. 3-21. Accessibility and loading of freighter aircraft 



and the Aviation Traders Carvair. The major 

problem is to avoid the considerable drag 

caused by the high cockpit, which is diffi

cult to avoid on relatively small aircraft. 

b. Door in the fuselage tail, as used on 

the Short Skyvan, Transall C-160, Hawker 

Siddeley Andover, De Havilland Caribou and 

Buffalo, Short Belfast, Breguet 941, Lock

heed C-130, C-141 and c-5A. For easy ac

cess, especially in small freighters, it is 

essential to camber the fuselage tail up

wards, thus creating an aerodynamic problem 

(Section 3.5.1). The fuselage weight pen

alty is of the order of 6 to 10%, depending 

on the structural details. The zero-lift 

drag increment is of a similar order of 

magnitude, but may equally well be muc~ 

higher. The door size is relatively large 

and it may become difficult to seal the 

pressure cabin. 

c. Tail boom layout, in combination with a 

door in the rear part of a stubby fuselage. 

This configuration, occasionally seen on 

freighter aircraft (H.S. Argosy, Noratlas, 

IAI Arava, Fairchild C-82 and C-119), of

fers a readily accessible frelght hold and 

permits the use of a beaver tail for drop

ping purposes, if required. The high aero

dynamic drag is a disadvantage. 

d. Swing-tail, a layout proposed by Folland 

in a freighter project as far back as 1922. 

To date, the swing-tail has been implemented 

Qnly on the Canadair CL-44, at the expense 

of a penalty of some 1,000 lb (450 kg) 

structure weight relative to a side door, 

i.e. about 6~% of the fuselage structure 

weight. From an aerodynamic standpoint, how

ever, the swing-tail is ideal and the struc

tural complexity may be outweighed by a 

considerable reduction in fuel comsumption. 

e. A swinging fuselage nose (including the 

flight deck) creates considerable difficul
ties in carrying through cables, wires, 

plumbing, etc. The weight penalty is of the 
order of 12% of the fuselage structure 
weight. Its use may be considered in very 
special cases (e.g. the Guppy family). 

The maximum floor lo'ading of freighters for 

an evenly distributed load must be at least: 

- civil 125-300 lb/sq;~~600-1,500 

kg/m2) 

- military: 225-1,200 lb/sq.ft (1,100~,000 

.kg/m2) 

Design criteria for local loads are: 

-civil 3,500-9,000 lb (1,600-4,000 kg) 

- military: 3,000-:10,000 lb (1,300-4,500 kg) 

Door sizes must be adapted to the type of 

freight to be loaded and unloaded, and in 

the case of loading in the longitudinal 

direction a clearance of at least one inch 

(2.5 em) must be present on both sides. 

The freight hold ceiling must be at least 

6 inches ( 15 em) above the freight for ease 

of loading. The need for a passageway 

through the loaded freight hold depends on 

the type of freight carried. Inspection 

during the flight is not ai~ays necessary 

in the case of containerized freight. 

For preference the freight hold should be 

prismatic in shape; steps in the floor are 

not acceptable, except in very special 

cases. A separate door for the cockpit crew 

is necessary. Several windows are usually 

incorporated in the fuselage walls. For 

civil freighters it may be useful to con

sider a passenger version (convertible 

freighters) and in that case more windows 

and passenger doors are required. 

3.4. FLIGHT DECK DESIGN 

3.4.1. Location of the pilot's seat and the 

flight controls 

On light aircraft the cockpit may, to some 

extent, be arranged in line with the par

ticular design requirements. This applies 

particularly to the location of foot pedals 

in the vertical direction, as this factor 
affects the cross-sectional height and 
hence the fuselage frontal and wetted area& 

The pedals must be placed below the level 

of the seat bottom to avoid tiring the pi

lot. 

Instructions for the location of the seat 

and stick controls are presented in Fig.3-22. 
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20-24 (50-60 

NOTES: 

horizontal 
of sight 

adjust-

8 (20) 
min 

32 (80) 

DIMENSIONS IN INCHES (CENTIMETERS) 

l. Distance between foot pedal centerlines: 8 inches (20 em) minimum, 12 inches (30 em) 
maximum. 

2. The indicated floor is a reference line; the actual floor need not be horizontal. Only 
the local height of the foot pedal relative to the floor is of importance. 
3. For many light aircraft the seatback has a fixed position. The recommended setting rel
ative to the vertical is 13°. 

REFERENCES: 
l. F. Maccabee: "Light aircraft design handbook". Loughborough University of Technology, 
Feb. 1969. 

2. Draft ISO recommendation No. 1558, 1973. 
3. Mil. Standard MS 33574. 

Fig. 3-22. Recommended dimensions for the cockpit of a light aircraft with stick control 



For a control-wheel layout it is advisable 
to use the data for transport aircraft. 
Generally speaking, the outside view from 
the cockpit is only obstructed by the wing 

and no special measures are necessary. The 
downward view forward is determined by the 
instrument panel, the glare shield, the 
fuselage nose or the engine cowling. Part 
of the cockpit roof of light aircraft can 
be of a light-alloy construction to improve 
stiffness and strength and to provide pro

tection against sunlight. 

Particularly on transport aircraft, more is 
required than merely the convenient loca
tion of the flight controls and instrument~ 
The position of the pilot relative to the 
cockpit windows, and the window shape, are 
equally important. Pilots of varying body 

dimensions must feel at ease in the cockpit 
and be able to take up a position from 

which a clear outside view is possible. 
A design aid which is usually employed here 
is the reference eye point. This is a fixed 
point chosen by the designer in the air
craft, which serves as a reference for de
fining both the outside view and the seat 
position. It is defined as follows: 
( 1) The reference eye point must be located 

not less than five inches aft of the rear
most extremity of the primary longitudinal 
control column when the control is in its 
most rearward position (i.e. against the 
elevator up stops). 

(2) The reference eye point must be located 
between two vertical longitudinal planes 
which are one inch to either side of the 
seat centerline. 

(3) Any person from 5'4" (1.63 m) to 6'3" 

(1.91 m) tall, sitting in the seat must be 
able to adjust the seat with the seat back 

in the upright position, so as to locate 
the midpoint between his eyes at the ref
erence eye position. With the seat belts 

fastened, he must also be able to operate 
the aircraft controls with lap strap and 
shoulder harness fastened. 
In the proposed para. FAR 25.777 dated Jan. 
12, 1971, a requirement is laid down with 
respect to the seat adjustment relative to 

a position of the seat bottom located 31; 

inches below the reference eye point. The 
Society of Automotive Engineers (SAE) and 

the International Standardization Organiza
tion (ISO) have made recommendations (e.g. 
Ref. 3-24) for the standardization of other 
dimensions of the cockpit. A condensed ver

sion of the various proposals is presented 
in Fig. 3-23, which may serve as a starting
point for the cockpit design or mock-up de

sign. 
On most transport aircraft the crew seat 

position can be adjusted horizontally and 
vertically, while the seat back is re
clinable. In some cases seat rails extend 
far back and/or allow sideways displacement 
to facilitate easy access/egress or to per

mit crew members to take up a position 
where other controls can be handled or pan

els read off. The seatback in its upright 
position is used for takeoff and landing; 
on short trips this position is generally 

not changed. The cruise position is used 
when the autopilot is operative. 

3.4.2. Visibility from the cvckpit 

During VFR flights the pilot must have a 

clear view of such a part of the air space 
that he has adequate information to control 
the flight path and avoid collisions with 

other aircraft or obstacles. For design 
purposes this general requirement can be 
evaluated in the form of minimum angles of 

vision during cruising flight, takeoff, 

landing and taxying. 

a. Horizontal flight (Fig. 3-24). 

To define clear areas of vision, binocular 
vision and azimuthal movement of the head 

and eyes are assumed to take place about a 
radius, the center of which is the central 

axis. The areas of vision are measured from 
the eye position with the airplane longitu
dinal axis horizontal. For example, in lev
el flight, with the pilot looking straight 

ahead from the reference eye position, 
clear vision must be possible up to 17° 
downward and 20° upward. The complete en
velope of the clear areas of vision is given 
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NOTES: 

instrument 
panel 

DIMENSIONS IN INCH ES (CENTIMETERS) 

1. Distance between the centerline& of both seats: see Table 3-6. 
2. Distance between the centerlines of the foot pedals: 14 inches (35 em). 
3. Most dimensions can be chosen within wide ranges, except the framed ones : these are 
specified in the rule proposed in FAR 25.772. 
4. The indicated floor is a reference line; frequently a footrest is used. 

REFERENCES: 

1 . FAR 25.772 (pr~posed), dated Jan. 12, 1971. 
2 . Draft ISO recommendation 1558, 1973. 
3. Mil . Standard MS 33576. 

Fig. 3-23. Recommended flight deck dimensions for transport aircraft with wheel controls. 
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a. Definition of the pilot's view 

180 120 80 40 0 40 
LEFT~ AZIMUTH - DEGREES ._.RIGHT 

b. Minimum required clear areas of vision 

Fig. 3-24. Vision from the pilot's (port) 
seat in horizontal flight (Ref.: FAR Part 
25.777 proposal,· Jan. 1971) 

in Fig. 3-24b, where areas are also indi
cated where no obstructions may impair the 
pilot's vision. This determines the loca
tion of windshield posts, instruments and 
other cockpit equipment. Areas are also in
dicated where windshield posts of limited 
width are considered to be acceptable. 

b. Visibility during approach (transport 
category). 
In the case of modern transport aircraft, 
considerable variations can be observed in 
the airplane attitude during low-speed 

flight. These are caused by great differ
ences in wing aspect ratio, angle of sweep 
and type of high-lift devices. Accordingly, 

standards must be evolved for this catego
ry of aircraft to ensure clear areas of 
vision during the approach. The angle of 
view forward and downward must be suffi
cient to allow the pilot to see the ap
proach and/or touchdown zone lights over 
a distance equal to the distance covered 
in 3 seconds at the landing speed when the 
aircraft is 
(1) on a 2~0 glide slope, 

(2) at a decision height whi~h places the 
lowest part of the aircraft at a height of 
100 feet above the touchdown zone (see Fig. 
3-25). 
(3) yawing~ 10°, 
(4) making an approach w1th 1,200 feet Run

way Visual Range, and 
(5) loaded to the most critical weight and 
center of gravity location. 
In the British requirement BCAR Appendix No. 2 to 

Chapter 04-2 some additional stipulations are made: 

(I) When taxying, tne pilot should be able to see 

the ground at a maximum of 130 ft from the airplane, 

but preferably this distance should be 50 ft or less. 

(2) When climbing, the pilot should be able to see 

at least 10° below the horizon and preferably 1S-2cf 

below 1t. 

( 3) When landing, the pilot should be able to see 

below the horizontal when the airplane is in the 

tail-down attitude. 

Another desirable feature is that during taxying 

the pilot should be able to see the wingtip on his 

side of the airplane. 

When all these requirements have to be in
corporated in cockpit design, the designer 
of high-speed aircraft with a pressurized 
fuselage may run into considerable trouble. 
Unacceptable deformation of the fuselage 
contour, high drag penalties and unaccept
able noise levels may be the result. There
fore most transport aircraft do not com
pletely meet all requirements, but never
theless these should be used as a starting
point for crew compartment design. 

3.4.3. Flight deck dimensions and layout 

The minimum number of flight crew is based 
on the tot~l work load, consisting of the 
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following activities: 
{1) Flight path control. 
{2) Collision avoidance. 
{3) Navigation. 
{4) Maintaining contact with Air Traffic 
Control Centers. 
{5) Operation and supervision of systems. 
{6) Taking decisions concerning the execu
tion of the flight. 
The total work load is affected by the du
ration of the flight, the degree of auto
mation and complication of the systems and 
the operational limitations. Accordingly, 

MINIMUM PLIGHT CREW 

NUMBER OF FLIGHT 
DECK SEATS 

MINIMUM 
LENGTH OF 4)-----
FLIGHT DECK AVERAGE 

DISTANCE BETWEEN 
SEAT CENTERLINES 

HINlMUH 
NUMBER OF CABIN - - -
ATTENDANTS 

AVERAGE 

Fig. 3-25. Downward view 
on approach. {ref.: FAR 
25.777 proposal, Jan. 
1971) 

TRANSPORT AIIC~ 
LIGHT 

LOIIl MEDIUM SHORT AIRCRAFT 
HAUL HAUL HAUL 

TO BE DETERMINED 
VI'R: I .FRCif THE WORKLOAD I), 

MINIMUM: 2 IFR: 2 

4 3 or 4 2or 33 2 

140(355) 125()17) LOW· SUBS. 63(160) 

--- --- 90(228) ---HIGH-SUBS. 
150(380) 130{330 106.(267) 70(178) 

42(107) 42-(107 40(102) 30(76)5) 

I PER 50 l>ASSENGERS (PAX) I FOR 

-;-;;:.~;AX-r ;;.-;5 -;; 20 PAX 
OR MORE 

the data in Fig. 3-26 and Table 3-6 relating All dimensions are typical values in inches 
{centimeters). 

Fig. 3-26. Crew cabin layout for a medium
range transport 

to the number of seats are statistical fig
ures and obviously not standard require
ments. 

Transport aircraft must have duplicated 
flight controls and must be operated by at 
least two pilots. Short-to medium-range air
craft can be operated by two crew members. 
However, long-range and several medium
range aircraft require a third crew member 
because of the generally long duration of 
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NOTES 

I . Work load defined in Appendix D of FAR Part 25. 

2. Data exclude a jump seat for a supernumerary 

crew member or observer . 

3. According to an old rule a flight engineer 

must be present for a max. takeoff weight above 

80,000 lb (36,300 kg). 

4. Definition in Fig. 3-26. Space for electronics 

rack included on transport aircraft, excluded on 

light aircraft. 

5. This figure varies wid,ely; it is affected 

primarily by the external fuselage width. 

References 

FAR Part 23.1523 and 25.1523; ,Appendix D to Part 

25; 

FAR Operating Rules 91.211; 91.213; 91.215 and 

121.385 through 121.391. 

Table 3-6. Statistical data on number of 
crew members and flight deck dimensions 

the flights and the complexity of the sys
tems installed. A control panel and a seat 
are then provided for a flight engineer or 



third pilot (systems operator). Fig. 3-26 

shows that a fairly large flight deck is 

required in long-range airplanes. Adequa~e 

space must be provided so that crewmembers 

can stow their baggage, coats, etc. in or 

adjacent to the fliqht deck. 

The flight deck accommodation in general 

aviation aircraft is generally limited, so 

that the length of the flight deck is not 

more than 5 ft (1.5 m) for small touring 

aircraft, and up to about 6 ft (1.8 m) for 

business aircraft. 

lightens the door and door support struc

ture to such an extent that it outweighs 

the extra drag. 

b. All passenger transports and many high

speed general aviation aircraft have a ra

dar installation, for which a reflector 

must be planned in the nose section. 

c. It may be advantageous to locate the 

nose gear in front of the forward pressure 

bulkhead: in that case the whaelbay has no 

pressure walls. 

d. On small aircraft the fuselage nose can 

be used to contain Nav/Com equipment and/oi 

3.4.4. Emergency exits for crew members luggage. In the case of piston engines thiE 

(Ref. FAR 25.805 and BCAR Section D para. may lead to a forward location of the cen-

5.2.1 of chapter D 4-3) ter of gravity and the wing can be so lo-
cated that the propellers are in front of 

The following requirements are quoted from the cockpit. The accessibility ot··such a 
the FAR-regulations: nose bay on the ground is generally quite 

"Except for airplanes with a passenger ca- satisfactory. 

pacity of 20 or less, in which the proxim-
ity of passenger emergency exits to the The following hints are pertinent to the 

flight crew area offers a convenient and fuselage tail, i.e. the non-cylindrical 

readily accessible means of evacuation for rear part. 

the flight crew, the following apply: a. To avoid large regions of boundary layer 

(a) There must be either one exit on each separation and the associated drag incre-

side of the airplane or a top hatch, in the ments, the tail length is usually 2.5 to 

flight crew area. 3 times the diameter of the cylindrical 

(b) Each exit must be of sufficient size section. For a tail boom configuration a 

and must be located so as to allow rapid slenderness ratio of 1.2 to 1.5 may be· 

evacuation of the crew. An exit size and acceptable, provided that the weight ofthe 

shape of other than at least 19 by 20 fuselage and door structure can be reduced. 

inches (482 x 508 mml unobstructed rectan- b. For ease of production, part of the 

gular opening may be used only if exit u- fuselage tail may be conical; half the top 

tility is satisfactorily shown, by a typi- angle of this cone should be 10° to 11°, or 

cal flight crewmember, to the Administrator". at most 12°. The transition between the 

3. 5. SOME REMARKS CONCERNING THE EXTERNAL 

SHAPE 

3.5.1. Fuselages with a cylindrical mid

section 

The following applies to the fuselage nose, 

i.e. the non-cylindrical front part of the 

fuselage. 

a. A frequently used value for the length/ 

diameter ratio is 1.5 to 2.0. A lower value 
may be used on freighters provided that this 

cone and the cylinder ought to be smooth 

with sufficiently large radii of curvature. 
c. Tail cross-sections may approximate cir
cles or standing ellipses in shape. Beaver

tails have unfavorable drag characteristics 

and should be avoided on civil aircraft. 

d. During takeoff and landing the fuselage 

tail must clear the ground under normal 

operating conditions. 

e. There is usually plenty of space in thP. 

fuselage tail to contain the A.P.U. and/or 

the air conditioning system, provided that 

the position of the center ·of gravity will 

permit this location. If a central engine 
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a. Schematic drawing of flow separation and 

vortex shedding from a rear-loading fuse

Lage (Ref.: NCR Aeron. Report LR-395) 

UPSWEEP ANGLE B • DEG. 

b. Drag increment vs . upsweep angle (Ref. 

3-26) 

.30 

[ UPSWEEP ANGLE 15"1 

\--STRIPS 

.;o\ 
\ \ 
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\ \ 
b •• '3. 

"'o 

coiJ 
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ANGLE Of ATTACK - DEGREES 

c. Effect of cross-sectional shape on drag 

(Ref. 3-27) 

Fig. 3-27. Flow phenomena around cambered 

rear fuselages 
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is present, the minimum tail length may be 

determined by the allowable curvature of 

tbe intake duct. This situation may be im

proved by locating the engine fairly high. 

Fillets 
Where the wing is connected to the fuselag~ 

too much divergence in the airflow must be 

avoided. Some form of filleting is required 

but its exact shape must be determined by 

means of windtunnel experiments. Some ex

amples of fillets are shown in Fig. 2-9. 

Cambered fuselage tail 

The rear part of the fuselage is often 

slightly upswept in order to obtain the re

quired rotation angle during takeoff or 

landing. The drag resulting from this 

slight camber is negligible. However, on 

freight aircraft with a · i"ear loading door 

the fuselage must be swept up over a con

siderable angle, especially on small 

freighters like the De Havilland Caribou 

and Buffalo. Adve-rse interference may occur 

in the flow fields induced by the wing 

(downwash), the wheel fairings and the rear 

fuselage. The formation of vortices below 

the rear part of the fuselage is shown in 

Fig. 3-27a. These vortices are unstable and 

can cause lateral oscillation, especially 

at low speeds, high power, and high flap 

deflection angles. A considerable dragpen
alty in cruising flight is also caused by a 

large fuselage camber (Fig. 3-27b). Sharp 

corners on the lower part of the fuselage 

may relieve the problem by generating sta

ble vortices, inducing upwash below the 

fuselage and thereby creating attached flow. 

Measurements (Fig. 3-27c) have shown that 

the drag penalty can be limited to reason

able values . References 3-26 and 3-27 give 

more detailed descriptions of the aerody

namic phenomena involved. 

3.5.2. Fuselages for relativeLy small use

ful loads 

Several considerations outlined in the pre

vious section also apply to this category, 

together with the following: 



a. If an engine is mounted in the fuselage 

nose, the required downward view of the pi

lot (Fig. 3-22) and the required propell-er

to-ground clearance determine the vertical 

level of the engine. 

b. Allow sufficient width in the fuselage 

around the rudder pedals and for the pilot's 

shoulders and elbows. 

c. Avoid sharp changes of cross-sectional 

area, as well as discontinuities in the 

radius of curvature in the longitudinal 

direction. The fuselage should not be 

tapered in the region where the wing is 

attached, for this will entail the use of 

large fillets. 

d. The fuselage tail length is determined 

by the tailplane moment arm required. A 

reasonable value for the distance between 

the wing and horizontal tailplane quarter-

chord points* is 2.5 to 3 times the wing 

MAC*. 

e. The details of the external lines are 

affected by the type of structure. Adesign 

sketch of the structural concept should be 

made at an early stage. In the case of 

welded frames, the fuselage sides will be 

flat and not curved like the panels used 

on semi-monococque fuselages. 

f. For ease of production, a substantial 

part of the fuselage should have single 

curvature. 

g. In the case of a jet engine (or engines) 

buried in the fuselage, attention must be 

paid to the possibility of removing the 

engine(s) for major overhauls and to en

suring their accessibility for inspection. 

*Definitions in Appendix A Section A-3.3. 
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Chapter 4. An appreciation of subsonic engine technology 

SUMMARY 

This survey presents some background information which is required when an engine has to 
be chosen for a new subsonic aircraft design. 
The first chapter compares piston and turbo-engines and their principal applications. The 
second chapter presents a survey of the characteristics, possible applications and per
formance of piston engines with a power rating of up to about SOOoh.p. Various engine 
configurations are discussed and a generalized method is given for estimating the take
off power and weight of the piston engine. 

Single flow, bypass turbojet engines and turboprop engines are compared, taking a divi
sion between the gas generator and the propulsive device as the point of departure. An 
explanation of the significance of the thermal efficiency and propulsive efficiency, as 
well as specific fuel consumption, specific thrust and power rating, is also given. 
The influence of the compressor pressure ratio, turbine inlet temperature and bypass 
ratio on engine performance, general configur?tion, weight, drag and external engine 
noise is discussed on the basis of generalized data. Some attention is paid to possible 
future developments. 
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NOMENCLATURE 

Ae 
BHP 
BMEP 
BPR 

CT 

D 

FPR 

G 

g 

H 

h 

IMEP 

ISA 

K 

k 

Mo 
METO 
m 

rpm 

SFC 

- exhaust nozzle area 

- Brake Horse Power (Pbr) 
- Brake Mean Effective Power 
- By Pass Ratio 

- specific fuel consumption of tur-

bojet engine 

- specific fuel consumption of pro

peller engine 

- specific heat of engine air at 

constant pressure 

- drag 
- Fan Pressure Ratio (= £f) 

- gas generator function 

- acceleration due to gravity 

- heating value of fuel 

- enthalpy; altitude 

- Indicated Mean Effective Pressure 

- ICAO Standard Atmosphere 

- ratio for estimating engine weight 

- constant of proportionality 

- flight Mach number 
- Maximum Except Take-Off (power) 
- mass flow per unit time 

- number of cylinders per engine 

- engine rotation speed; exponent 

of V in polytropic process; ex

ponent of vcyl 
- Overall Pressure Ratio (= Ec) 

- power 

- brake horsepower 

- convertible energy, generated by 

gasifier 

- static takeoff power 

- (static) pressure 

- ambient (static) pressure 
- total (stagnation) pressure 

- gas constant; ratio for estimat-

ing piston engine takeoff power 

- revolutions per minute 
- Specific Fuel Consumption (CT or 

Cpl 

- shaft horsepower 

- (static) temperature; thrust 

- ambient temperature 

- standard ambient temperature 

- total (stagnation) temperature 

TET,TIT - Turbine Entry (Intake) total 

Temperature (Tt ) 
4 
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v ·- specific volume of a charqe (piston 

engine) 

V0 - flight speed 

Vcyl - total swept cylinder voltme per en

gine 

v 

., 
A 

p 

0 

- velocity of fully expanded exhaust 

flow 
- dry engine weight 
- weight flow per unit time (no index: 

engine air) 

- ratio of specific heats oi air 

- relative static pressure • static 

pressure/ambient pressure 

- increment 
-compression ratio (piston engine); 

pressure ratio (gasturbine engine) 

- efficiency 

- bypass ratio 

- atmospheric density 

- relative (atmospheric) density 

- non-dimensional TET 

INDICES 

B 

c 

cr 

- combustion chamber 

- (high pressure) compressor 

- cruising flight 

cyl - cylinder(s) 

d - intake duct 

e - engine (installation); exhaust open··· 

ing 

F - fuel 

f - fan 
g - gas generator; gearing 

i - fuel injection 
id - ideal (thrust definition) 

- jet 
m - manifold inlet 

mech - mechanical transmission (gearbox) 

n - rotational speed 

p - propulsive; pressure 

prop - propeller 

r - ram effect 

s - supercharging 

sn - standard net (thrust definition) 

t 

tf 

to 

- turbine 

- combination turbine-fan 

- takeoff 

tot - overall (efficiency definition) 



4.1. INTRODUCTORY COMPARISON OF ENGINE 

TYPES 

Engine types suitable for use on subsonic 

aircraft are: 

-piston engines !propeller-driven 
- turboprop engines aircraft 
- single-flow jet engines 

(straight jet engines) 

- bypass jet engines 

(turbofans) 

jet-propelled 

aircraft 

As far as subsonic aircraft are concerned, 
rocket engines and ramjets can only be re
garded as suitable for particular applica-

tions, e.g. when additional thrust is re

quired for a short period of time. These 
engines will not be discussed in this chap

ter, but the interested reader can find 

relevant information in the various text
books mentioned in the list of references. 

The type of engine suitable for a particu

lar aircraft design is mainly determined 

by the following considerations: 

a. Flight envelope. 
The range of normal flying speeds at which 
the aircraft will operate (the flight enve

lope). The propeller operates at a high 

propulsive efficiency up to M = .5 to .6, 
after which compressibility phenomena at 

the tips will cause a considerable loss in 

efficiency. For higher speeds only the jet 

engine may be regarded as a suitable means 

of propulsion. 

b. Fuel consumption. 

Fig. 4-1 shows the quantity of fuel used 

per hour by some representative examples 

in the categories mentioned above, the fig

ures being for cruising flight at a given 

thrust which is equal to the drag. In the 

case of jet engines, this specific fuel 

consumption is referred to as Thrust Spe

cific Fuel Consumption (TSFC,CT). For pro
peller aircraft, it should be compared with 

CpV/nprop' where V is the flying speed, CP 
the specific fuel consumption related to 
the shaft horsepower and nprop the effi-

~ 1.4.--------------------, 
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..J 

I 1.2 

~ 
!!i 
~1.0 
0 

t 
:::;; 
ii! 
8 
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:J: 

.2 

MACH NUMBER 

Fig. 4-1. Engine comparison based on fuel 

consumption to overcome drag 

ciency of the propeller*. Fig. 4-1 shows 

that up to about M = .4 to .5 the piston 

engine has the lowest fuel consumption. 

Generally speaking, the turboprop engine 

has a slightly higher fuel consumption 

than the piston engine, but it burns ker

osine which is cheaper than gasoline. Over 
the entire speed range the single-flow jet 

engine is the thirstiest type, while at 

high subsonic speeds the bypass engine is 

the most economical with regard to fuel 

consumption. 

c. Engine weight. 

Piston engines generally weigh about 1.1 

to 1.75 lb ( .5 to .8 kg) per takeoff 

shaft horsepower, while for turboprop en

gines the equivalent figure is between·.35 

and .55 lb/hp (.15 to .25 kg/hp). In order 

to arrive at a fair comparison with jet 

engines, the specific weight may be ex

pressed as the weight of the engine with 

installed propeller per unit of propeller 

*The terms used will be explained in Sec
tion 4. 3. 7. 
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thrust (static, sea level conditions). 

Assuming a propeller weight of .22 lb/hp 

(.1 kg/hp) and a static propeller thrust 

of 2.5 to 3.5 lb (1.1 to 1.6 kg) thrust 

per shaft horsepower at takeoff, the tur

boprop engine will be in the same bracket 

as the bypass jet engine which shows a 

weight of .17 to .25 lb/lb (kg/kg) thrust. 

A single-flow jet engine will weigh about 

.25 to .35 lb/lb (kg/kg) at takeoff thrust, 

although there are lighter examples, e.g. 

the Bristol Orpheus Mk 101 weighing only 

.2 lb/lb (kg/kg). 

The installed engine weight is largely dependent 

on which performance requirement is to be decisive 

in the choice of the engine. To take an example: if 

we compare a supercharged piston engine rated at 

340 shp at an altitude of 20,000 feet with a tur

boprop supplying the same power at that height, it 

is clear that their specific weights, based on this 

condition, are much closer as compared with the 

takeoff condition. This is because the turboprop 

has a rating of 550 shp at sea level as compared 

with 450 bhp supplied by the piston engine. Whether 

or not the excess takeoff power of the turboprop 

can be used efficiently will depend on the type of 

aircraft. In this particular case, however, the 

piston engine will still weigh between 2 and 2. 5 

times more than the turboprop. Broadly speaking, 

this means that by choosing the turboprop it will 

be possible to carry more useful load for the same 

takeoff weight. 

It is not possible to give a generally val

id conclusion, but Table 4-1 shows that the 

piston engine is at a disadvantage in weight 

when compared to the other types. Aircraft 

with turbojet engines differ very little 

with regard to the powerplant installation 

weight. 

d. Dimensions. 

When the engines are installed in separate 

nacelles, their dimensions become important 

with regard to parasite drag. Here only a 

comparison between piston engines and tur

boprop engines will be meaningful. The 

following comparison shows the dimensions 

of the nacelles of two propeller-driven 

aircraft with engines of comparable rating. 

Cessna 414: two Continental TSIO 520-J en

gines of 310 takeoff/bhp each, nacelle 

width: 3 ft 4 in. ( 1 m) ; height 2 ft (. 6 m); 

length: 13 ft (3.9 m); frontal area: .016 

sq.ft (.0015 m2 ) per hp. 

Government Aircraft Factories N-22 two 

Allison 250-B17 of 400 takeoff bhp each, 

nacelle width and height: 2ft 2 in. (.651T!l; 

length: 8 f (2.4 m); frontal area: .009 

sq.ft (.00083 m2 ) per hp. 

Here, too, the piston engine is seen to be 

at a disadvantage, although in the case of 

the Cessna 414 the nacelle contains a small 

luggage/baggage hold. 

e. First cost. 

At a first cost of some $25 to $50 per hp 

the piston engine is the cheapest type of 

powerplant. The price of a turboprop a

mounts to approximately $60 to $100 per 

shp (price levels 1974). Turbojet engines 

cost about $20 to $40 per lb 'takeoff thrust, 

Type of aircraft MTOW Number and type of engines Powerplant weight % of Bas-
lb ic EmPtv Weiqht 

Convair 340 47,000 2 Pratt and Whitney R-2800 31.0 
of 2400 BHP each 

Fokker F-27 Mk.SOO 45,000 2 Rolls-Royce Dart R.Da7 20.0 
of 2100 ESHP each 

Sud Aviation Caravelle VIR 110' 230 2 Rolls-Royce Avon 533R 14.6 
of 12,600 lb each 

VFW 614 41,000 2 Bristol Siddeley M45H 14.9 
of 7,480 lb each 

NOTES 

1. Basic Empty Weight is defined in Section 8.2 

2. Thrust and power refer to sea leavel static (dry) takeoff rating 

Table 4-1. Weight of powerplant installation as a fraction of the Basic Empty Weight 

100 



dependent on size. 

f. Engine overhaul. 
Time between two major overhauls (Time Be
tween Overhaul, TBO), will be about 1,500 
to 2,000 hours in the case of a normally 
aspirated piston engine; for supercharged 
types this time amounts to 1,000 to 1,500 
hours. In the case of a good turboprop en
gine the time between two revisions may be 
anything up to 3,000 to 4,000 hours. 

g. Engine noise and vibration. 
Engine noise and vibration, which largely 
result from the recoprocating movement of 
the pistons, are the principal drawback of 
the piston engine, in spite of the atten
tion paid to balancing and noise suppres
sion. The turboprop engine makes less ma
chinery noise, but the propeller noise is 
predominant. For the occupants of the air
craft the jet engine is the most silent, 
but the observer on the ground will regard 
the jet aircraft as the most annoying of 
the three, particularly during the takeoff 
and approach phases. As a result of the low 
exhaust velocity of the engine gases the 
bypass engine is much quieter than the 
single-flow jet engine, provided suitable 
measures are taken to suppress the noise 
of the fan. The external noise of the pro
peller engine can only be reduced drasti
cally by adopting a slowly rotating pro
peller (low tip speed). 

h. Passenger appeal. 
It is generally accepted that jet aircraft 
possess more passenger appeal than propel
ler aircraft. 

A final assessment of the factors enumer
ated above can only be made by means of 
detailed design studies with proper atten
tion to the installation of the engines in 
the aircraft and their influence on the 
general layout of the aircraft. It is, 
however, possible to draw some general con
clusions: 

1. For high-speed aircraft only jet propul
sion can be considered. The relatively sim-

ple and less expensive single-flow engine 
is suitable today for a limited category 
of aircraft where price is the dominant 
factor and the higher fuel consumption is 
regarded as less important. 
2. For low-speed aircraft with a power of 
more than, say, 500 hp per engine, the pro
peller turbine will be the best choice. 
3. When power ratings of less than about 
500 hp are used, the piston engine will be 
a competitor of the propeller turbine, due 
to the relatively low cost of the power 
unit. In the case of aircraft designed for 
high utilization (small passenger aircraf~ 
some business aircraft, commuters), the 
cost of the powerplant will be spread out 
over a large number of flying hours and 
the propeller turbine will be at an advan
tage because of the low maintenance costs 
and cheaper fuel. 
4. Small aircraft for private use (sports 
and touring aircraft, club trainers), are 
nearly always fitted with piston engines. 

The various engine types will be discussed 
more fully in the following sections. Meth
ods for calculating engine performance will 
not be presented here since these can be 
found in the publications mentioned in the 
list of references and in Appendix H, nor 
will an attempt be made to explain how en
gines are designed. The discussion will be 
confined to some of the most important 
characteristics with which the aircraft 
designer should be familiar when he has to 
choose an engine for his design. Some back
ground information is supplied in connec
tion with the future technological devel
opment of engines. 

4.2. CURRENT RECIPROCATING ENGINES 

4.2.1. Some characteristics of the four 
stroke engine 

A short description is given here of the 
cycle of the four stroke Otto-type engine, 
explaining the p-V diagram presented in 
Fig. 4-2a. 
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• b. Indicator diagram 

Fig. 4-2. Cylinder pressure of a four 
stroke engine 

TDC 

a. During the induction stroke the inlet 
valve is open and the gas mixture (car
buretor) or the air (injection) is drawn 
from the inlet manifold into the cylinder. 
b. During the compression stroke the gas 
mixture is compressed, following the poly
tropic relationship p~ = constant, in 
which n is mainly dependent on the compo
sition of the gas mixture (n "' 1. 2 to 1. 35). 
Apart from the inlet pressure, the final 
pressure is determined by the compression 
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ratio*, that is, the ratio between the 
volumes contained in the cylinder above 
the piston crown at the beginning and at 
the end of the compression stroke. 
The compressed gas mixture is ignited•aq
ter being compressed and combustion takes 
place at a practically constant volume. 
Combustion temperature and gas pressure 
are very high since the mixture ratio is 
nearly stoichiometric, with the result 
that the thermal efficiency of the cycle 
is relatively high. Thermal efficiency for 
a given mixture ratio is a function of the 
compression ratio and, contr~~ to the jet 
engine, is not affected by the rotation 
speed of the engine. 
c. During the power stroke the burning and 
expanding charge transmits power to the 
piston. This power is transferred to the 
propeller by means of the connecting rod 
and the crankshaft. The process of expan
sion again follows the polytropic relation
ship p~ = constant. 
d. After the exhaust valve is opened, the 
gas is expelled fnto the exhaust manifold 
during the exhaust stroke at approximately 
constant volume. 

The total energy imparted to the pistonmay 
be determined by adding the work done 
during these processes algebraically and 
multiplying the sum by the number of power 
strokes per unit of time (n/2) and thenum
ber of cylinders per engine. The power de
termined in this way can be derived from 
an indicator diagram (Fig. 4-2b) by inte
grating the pressure versus the volume 
swept by the piston, resulting in the 
Indicated Mean Effective Power. This power 
is often associated with the IndicatedMean 
Effective Pressure (IMEP**), defined as 
follows: 

*Note that the compression ratio is a ra
tio of volumes and not pressures 
**In (4-1) and (4-2) the total cylinder 
volume in cu.inch must be divided by 
396,000 to obtain BMEP in psi, when the 
engine speed is in rpm 



NOTE: 

To find the actual horsepower from al

titude, rpm, manifold pressure and air 

inlet temperature: 

1. Locate A on full throttle altitude 

curve fo~ qiven rpm and manifold pres

sure 

2. Locate B on sea level curve for rpm 
and manifold pressure and transfer to C 

3. connect A and c by a straiqht line and 

read horsepower at qiven altitude: D 

4. Modify horsepower at D for variation 

of air inlet temperature T from standard 

altitude temperature T5 by the formula: 

rT; 
Actual hp = hp at D x V T 
where T and T8 are absolute temperatures 

Fig. 4-3. Example of a standard power diagram of a normally aspirated engine 

IMEP Indicated Mean Effective Power , 4_1 ) 
Cylinder Volume x (n/2) 

The Brake Horse Power (BHP) is the product 
of the Indicated Mean Effective Power and 
the mechanical efficiency. Allowing for 
power losses du~ to friction and driving 
accessories, this efficiency declines with 
increasing engine speed. 
The specific engine performance is often 
expressed as Brake Mean Effective Pressure 
(BMEP* ) : 

Brake Horse Power 
BMEP = Cylinder Volume x (n/2) (4-2) 

The standard engine diagram, an example of 
which is given in Fig. 4-3, shows BHP as a 
function of the manifold pressure, rpm and 
altitude in the standard atmosphere, gen
erally with a mixture control which leads 
to maximum power. Sometimes, however, the 
takeoff power of continuous power is given 
for a rich mixture. Corrections are given 
for non-standard atmospheric conditions. 
Engines can be fed with air of roughly at-

*In (4-1) and (4-2) the total cylinder vol-

mospheric pressure (normally aspirated) or 
with air compressed by a blower (blown, 
supercharged or turbocharged engines), re
sulting in standard diagrams of different 
shape. 

a. Normally aspirated engines. 
The full throttle inlet pressure differs 
from atmospheric pressure by only about 2% 
to 5%. On the left hand section of the dia
gram the power at sea level is given as a 
function of the (inlet) Manifold Absolute 
Pressure, MAP, and the rpm. Power limits 
may be dictated by: 
- the maximum permissible rpm, 
- the manifold pressure corresponding to 
the full throttle condition (throttle valve 
fully open) , 

- an inlet press~re limit in the case of a 
continuously running engine. 
The following engine ratings are distin
guished: 
a. Takeoff Power*, which is the maximumpow
er permitted for a limited period of time 
during the takeoff of the aircraft, e.g. 1 
to 5 minutes. 

ume in cu. inch must be divided by 396,000 *Takeoff power is sometimes called "Rated 
to obtain BMEP in psi, when the engine Power" and the maximum continuous rating is 
speed is in rpm known as METO power (Maximum Except Take Off) 
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b. Normal Rated Power*, the maximum contin- is possible to determine the BHP for the 
uous power which may be used for such parts required altitude at a given rpm and inlet 
of the flight as maximum climb performance pressure. Fig. 4-3 shows how this is done 
and maximum level speed. graphically by means of linear interpola-
c. Cruising flight, where limits are im- tion: this is justified by the scale of the 
posed for fast cruising, e.g. 75% of take- diagram, which is linear with the density. 
off power at 90% of maximum rpm (Perform-

ance Cruise), and for economical cruising 

flight, e.g. 65% of takeoff power (Economy 

Cruise). In the standard power diagram the 

permissible region is sometimes indicated 

in the form of limits for rpm and manifold 

pressure. 

The effect of altitude in the full-throttle 

condition is shown on the right hand side 

of the standard power diagram (Fig. 4-3). 

Since the power is directly proportional 

to the mass of the charge per unit of time, 

the brake horsepower will diminish for a 
I 

given rpm and fully opened throttle with 
increasing altitude as a result of de

creasing density of the air. An expression 
often used to calculate this relationship 
reads: 

BHP at altitude 
BHP at sea level (l+c)a-c (4-3) 

The factor c is often taken as .132, al

though this number is based on limited ex

perimental evidence with several radial 

engines. 

When determining the BHP for part throttle 
working conditions at increasing altitude, 

we can make use of the characteristic that 

for a given rpm and inlet pressure, power 

will increase slightly as a result of: 

- a decrease in air temperature, which in

creases the mass of air aspirated by the 

engine, 

- a decrease of back pressure in the ex

haust manifold, which leads to better fill

ing of the cylinders. 

It has been observed that the relationship 

between power and density is also linear 
in nature. By using this characteristic it 

*Takeoff power is sometimes called "Rated 

b. Supercharged and turbocharged engines. 
When the power is determined according to 

(4-3) at an altitude of 20,000 ft, for ex

ample, it is seen that this is only 47% of 

that at sea level. This will have an ad
verse effect on the aircraft performance at 

that altitude. By increasing the inlet pres

sure by compressing the air to the value at 

sea level, it is possible to regain this 

loss of power. In these "blown" or super

charged engines (Fig. 4-4), one generally 

ol• 

MECHANICALLY SUPERCHARGED 

COMPOUND ENGINE 

TURBOCHARGED ENGINE 

E - ENGINE 

C - COMPRESSOR 

T - TURBINE 

W - WORK OUTPUT 

Fig. 4-4. Methods of boosting piston engine 

performance 

uses a centrifugal compressor which is 

driven by either the crankshaft or by a tur

bine placed in the exhaust gases. 
Mechanical superchargers are driven through 
gears, sometimes with multiple gear ratios. 

This means, however, that power is used 

from the crankshaft (about 6 to 10%), thus 
reducing the output and slightly increasing 

Power" and the maximum continuous rating is the fuel consumption in relation to the work 
known as METO power (Maximum Except Take Off) output of the engine. 
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Fig. 4-5. Performance diagram of a supercharged engine 

SYMBOLS 
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• • 8 in-line £ 

D - DlflECT DRIVE 
G -GE41110 
N - lrtOAMALlY ASPIRATED 
S - SUPEM:HARGED 
T - TURBOCHAIIIGED 
C - CARBURETED 
I - FUEL INJECTION 

2 4 6 8 10 12 
PISTON DISPLACEMENT - LITERS 

Fig. 4-6. Takeoff power of reciprocating 

engines vs total piston displacement (Ref. 

Jane's All the World's Aircraft 1972-'73) 

The turbo-supercharger not· only increases 

the inlet pressure but the back pressure 
in the exhaust as well, with the result 

that during the working stroke more work 

has to be done and the cylinders will not 

be completely filled. Part of the energy 

present in the exhaust gases, which is of 

the order of one-third of the energy 

supplied by the fuel, is absorbed by the 

turbine and the exhaust thrust will di

minish. Incidentally, this thrust is small 
in any case and is generally disregarded 

when considering engine performance, unless 

special devices, like nozzles, are incor

porated to utilize some of the energy pres
ent. 

Compound engines may· have different config

urations. The one shown in Fig. 4-4 is me

chanically supercharged and utilizes the 

energy of the exhaust gases to drive a 

turbine, thus contributing directly to the 
effective work output. This system may be 
considered as intermediate between the 

piston engine and the gas turbine. Due to 

its complexity, however, the compound en

gine has never been very successful. 

Superchargers will heat' the air adml. tted'to 
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the engine, thus decreasing its mass flow, 
and intercoolers are sometimes fitted to 
counteract this effect. 

It is generally not permitted to use a su
percharged engine at full power at low al
titudes (Fig. 4-5), since the pressures 
would become too high, and the engine would 
become too heavy if designed to resist 
these high pressures. Limitations are im
posed on the inlet pressure and these gen
erally differ according to the conditions 
relating to takeoff, maximum continuous 
power and cruising power. 
With increase in altitude the throttle can 
be opened gradually and the power of the 
supercharger will increase, until at the 
rated altitude, the full-throttle condition 
is reached. Below the rated altitude, power 
may be set at a nearly constant value. 
Above this it decreases almost linearly with 
density, as in the normally aspirated en
gine. 

c. Engine control and fuel consumption in 
cruising flight. 
A lean mixture will basically result in low 
fuel consumption. This is seldom used, how
ever, particularly in the case of engines 
with high compression ratios, where there 
is a risk of detonation. The engine manu
facturer will generally supply information 
regarding the relationship between the 
(specific) fuel consumption, rpm and power, 
and sometimes also for various mixture ra
tios. By means of these data and the rela
tionship between speed and the shaft power 
required to propel the aircraft, it will 
be possible to determine the most favorable 
cruising condition where the fuel consump
tion per mile is a minimum. 

4.2.2. Engine design and its influence on 
flight performance 

The takeoff power of various engines in the 
50 to 450 hp power bracket has been plotted 
against piston displacement in Fig. 4-6. 

Specific BHP is observed to lie between 
about • 40 to . 80 hp per cu. in. (25 to 50 hp 
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per liter) piston displacement. The various 
ways to increase specific power and its in
fluence on aircraft performance are dis
cussed below (Fig. 4-7). 

a. We will first consider a normally aspi
rated direct drive carbureted engine. The 
specific power at sea level is . 4 to • 5 hp 
per cu.in. (25 to 30 hp per liter) and is 
taken as 100%. Maximum rpm generally varies 

1000 FT 
140or---.-~1o~--~2ro~~3o~~40~~~ 

a: 
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Fig. 4-7. Reciprocating engine design im

provements (Note: symbols defined in Fig. 
4-6. Ref. 4-16) 
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between 2500 and 2800. When a higher value 

is taken , e ither the tip speed of the pro

peller will become too high or the propel

ler diameter will be too small, resulting 

in a l ow efficiency. 

b . Higher engine speeds are possible with 

the use of reduction gearing between the 

c rankshaft and the propeller, raising the 
rpm to 3, 200 or 3, 400. In the case of the 

= 

Continental Tiara engine it is even possi

ble to obtain 4,000 - 4,400 rpm. For a gi ven 

BMEP and cylinder volume, the brake horse

power increases with rpm, as demonstrated 

by (4-2). Gearing will cost a few per cent 

>f the engine power and raise the weight 

tnd cost by approximately 12% and 50% re
;pectively (Ref . 4-13) . Specific powers of 

. 53 to .56 hp/ cu.in. (33 to 35 hp/liter) are 

obtained from geared engines. 

The following limiting factors should be 

taken into consideration: 

- Engine vibration results from the tor

sional fluctuations in the crankshaft . 
- High piston speeds have an adverse in
fluence on the t~me between overhauls (Fig. 

4-8) . 

c. Effect of cylinder geometry . 

With a gi\·en piston speed and total swept 

cylinder volume (piston displacement), the 

power developed may be increased by: 

- choosing a relatively large cylinder bore 

with respect to the stroke ; 

- reducing the piston displacement by in
creasing the number of cylinders (Ncy1 ), 

which leads to higher rpm. It can be shown 

-- EXHAUST 
GAS 

- - HYDRAULIC 
OR ENGINE OIL 

4 

6 

8 

9 

turbocharger 

compressor 

turbine 

dua l butterfly valve assembly 

was tegate va l ve 

divert.er valve 

variable absolute y.~. ~ssure 

contrc.. l ler 

fixed absolute pressure 

controll"!r 

sonic venturi 

Fig . 4-9 . Turbocharging engine and ca~in system 
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(Ref. 4-13) that power increases according 
1/3 

to (Ncyl) , but it requires adaptation of 
the reduction gear driving the propeller. 

d . An i ncre ase in compress i on rat io results 
i n some increase i n BMEP and specific out 
put and reduction of the specific fuel con
sumption as a result of better thermal ef
ficiency. Low octane fuel (80 / 87) may still 
be used with compression r atios of approxi
mat ely 7. 5, but when the rati o is rai sed to 
8 or 10 "t wi ll be neces sar y to use 100 / 130 
octane f ue l. 

t OR 

e. Fuel injection results in more efficient 

combustion and i ncreases output by a few 
per cent. More important than this, how
ever , i s the reduction in fuel consumption 
a t lower rpm, which may amount t o as much 
a s 10%. Fuel injection costs about 6% in 
weight and an incr~ase of about 18% in the 
price of the engine. 

f. Supercharge d engines not only offe r the 
advant ages at high alti t ude enumerate d i n 
Sect ion 4 .2. 2 . , but also t he secondary ad
vantage that they are able to supply pres-



A. 
J: 

"' 7 ..l500 
w 
> 
~400 
<( 
w ., 
@ 300 
a: 
w 
3: 
~200 
0 
w 

!< 
a: 
.... 
<( 
::t 
a: 100 0 z 
a: 80 
0 ... ... 
0 60 
w 

"' ;! 

40 

2 

'bl- piston displacement om "manifold preasure/p. 
p.; .. atmospheric pressure 
t ... compression ratio 
R5 • 1.32-.32~m·ouparcharged 

"1.16·.16/jm ... turbocharged 
Ri = 1.00- carbureted 

• 1.02 - fuel injecttqn 
R0 • 1-.01 (R.P.M./tOOor 
Rg • 1.00- direct drive 

z .98 -geared 

2 3 4 

3 4 5 

4- stroke combustion en ines 
o -natL•"'alfY asptrate 
b. - supE~rcharged 
v -turbocharged 

solid symbols: geared 
flagged symbols: fuel inj. 

2- stroke combustion eng· 
• -naturally aspirated direct 

drive carbureted 
• ~rotating combustion 

iilii!nis 

5 o 7 8 9 10 20 LTR. 
R5R;RnRgVcyl6m ~(1-E-11'3) 

Fig. 4-11. Estimation of takeoff horsepower of reciprocating engines at SL/ISA 

2 3 4 5 6 7 8 9 103 2 
I hI ,j 11(1 I "I ., I I "I 'I 11 1 1 I I •I 

NCyl-number of cylinders 7 
K5 - .97 naturally aspirated ,6 LB 
Ki .. 1.00-carbureted 

~5 - 1.08-fuel injection 
Kg· 1.00-direct drive ~ 

"' 
• 1.12 -geared 

i4 "' the other symbols are defined 
I in fig.4-11 i >-
J: 13 
~ 1 

~ 1o2 
J2 w 9 

:!!: 8 ., 
"' ., 
z 

7 

~ 
w 

• >- 6 a: 
0 • ~ 

5 
~102 

4 ~9 

• -18 ,, 
3 

.J7 
1 
.J6 

2 3 4 5 6 7 8 9101 2 3 4 5 LTR. 
K5KiKgVcyiN~:I 

Fig. 4-12. Estimation of dry weight of reciprocating engines 

109 



sure to the air coaditionina system of the 

cabin. A diagrammatic layout of a typical 

system is shown in Fig. 4-9. 

An example of the improvement in aircraft 

performance resulting from the use of a 

supercharger is given in Fig. 4-10. The 

supercharger used in this case produces 

practically no increase in the inlet pres

sure at sea level. In order to improve the 

takeoff and climb performance as well, it 

is possible to use a supercharger which 

raises the inlet pressure at sea level to, 

say, 1.5 atmospheres. This results in a 

marked improvement in the performance. The 

example in Fig. 4-7 shows that the specific 

power amounts to 110% at 20,000 feet (6,150 

m) with this engine, which is only able to 

supply 47% output without supercharger. Tte 

specific takeoff power of piston engines 

with propeller reduction gear and super

charger may lie between .7 and .8 hp/cu.in. 

(45-50 hp/liter) or even htgher. The in

crease in engine .weight may be something 

like 18% for a crankshaft-driven super

charger and 30% for a turbo-supercharger, 

but will depend on the desired increase in 

performance. In orde~ to avoid detonation, 

the compression ratio should oe low. 

f. In the case of large outputs (about 3000 

hp) of the type used in the past, a further 

increase may be achieved by adopting the 

compound principle (Fig. 4-4). Although 

this type of engine is fairly complex, it 

is not impossible that engines in the lower 

?OWer brackets may be developed in this di

cection to meet competition from turboprop 

engines. 

A semi-empirical correlation of takeoff 

power anti engine design characteristics is 

given in Fig. 4-11: 

where for 4-stroke engines the constant is 

equal to .41 when Vcyl is in cu.in., or 25 

when vcyl is in liters. 

Engine weight may be estimated as follows 

(Fig. 4-12): 
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w ~const. (K K.K v N 1/ 3 ) • 6582 
e s 1 g cyl cyl (4-5) 

where for 4-stroke engines the constant is 

equal to 4.4866 when Vcyl is in cu.in. and 

We in lb, or 30.465 when Vcyl is in liters 

and We in kg. 

For a given takeoff power, deduced from the 

aircraft performance requirement, these da

ta may be used to make a choice between the 

various engine design characteristics and 

to assess the effect on the engine weight. 

4.2.3. Engine classification by cylinder 

arrangement 

All piston engines intended for use in air

craft at present in production, are air 

cooled. Some engine configurations are 

shown in Fig. 4-13. 

a HORIZONTALLY OPPOSED CYLINDER ENGINE 

~ 
~ 

c IN-LINE d RADIAL 

b. V- ENGINE 

Fig. 4-13. Frontal view of reciprocating 

engine configurations 

The most common configuration is the opposed 

cylinder engine as shown in Fig. 4-13a. Ex

amples are the well known series of Avco 

Lycoming and Continental engines, e.g. the 

Avco Lycoming IGS0-540 (Fig. 4-14). This 

configuration leads to a flat engine with a 

relatively small frontal area, having good 

balance characteristics. Cooling is satis

factory with up to four cylinders on either 

side. 

A type which is no longer produced is the 



Fig. 4-14. Avco Lycoming IGS0-540-A series; 380 horsepower: % left rear view 

"Vee" engine (Fig. 4-13b), which is narrow
er than the horizontally opposed cylinder 

arrangement and has a smaller frontal area. 
In-line engines (Fig. 4-13c) have all cyl
in.ders placed o ne behind the other with 
their axes parallel, resulting in a very 
small frontal area. Whe n more than four 
cylinders are required, air cooling will 

present a problem, particularly when the 
engine is used in a pusher installation. 

The in-line arrangement has frequently been 
used in t he past for water cooled engines. 
When t he engine is installed in nacelles on 

the wings, both the drag and the adverse 
influence en the lift will be minimum when 
a vertical in-line engine is adopted. With 
a tractor engine in the nose of the air
craft, however, the frontal area is gener
ally dictated by the cross-section of the 
passenge r cabin. In t he case of side-by

s ide seating the only advantage of the in
line engine is that it improves t he view of 

the occupants of the forward seats. When 

two seats are arranged in tandem, the in
line engine is well suited for the narrow 

fuselage. 
The radia l engine (Fig. 4-13d) possesses a 
large frontal area, r esulting in high drag, 
but the excellent cooling makes it very 
suitable for aircraft which have to fly at 
low speeds for long periods (helicopters, 
agricultural aircraft). Radial engines with 
two rows of 7-9 cylinders have been built 

and used for airplane propulsion in large 
numbe r s , e . g. in the Lockheed Constellation 
and Douglas DC-6. They are now only built 
in the East European countries. 

4.2.4. Two stroke and Rotary Combustion en
gines 

a. The two stroke e ngine is only offered in 
l ow power outputs a nd is suitable for power

assisted sailplanes a nd unmanne d aircraft. 
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It has the advantages of extreme simplicity 
and low cost, and low specific weight in 

terms of dry weight per shaft horsepower. 
rhe unfavorable reputation of the two
stroke engrne is largely caused by its in
efficient combustion, high fuel consump
tion, irregular ignition and difficulties 
in startina up. These disadvantages may be 
cured by using fuel injection, pre-compres
sion of the air admitted to the engine and 

the use of high rpm, but these measures 
will to some extent eliminate the essential 
advantages. 

b. The Rotary Combustion (RC) or Wankel en
gine is still in the experimental stage as 
far as its role in aviation is concerned. 
Up to 1972 the only operational applica
tions were the Curtiss Wright RC-2, in
stalled in the Lockheed Q-Star - the quiet 
Lockheed observation aircraft - and some 
powered sailplanes. Functionally speaking, 
the RC engine is in some respects compara
ble with the two stroke engine: it pos
sesses no inlet or exhaust valves and the 
engine does not act for half the time as 
an air compressor, as in the case or the 
four stroke engine. It is, therefore, pos
sible to obtain more power per unit of cyl
inder volume which makes the RC engine 

lighter and more compact for a given out
put. This is confirmed in practice in the 
case of the RC-2/60, which has an output 
of 200 hp with a cylinder volume of only 
some 120 cu.in. (two liters), running at 
5,000 rpm. A more recent project is the 

German RFB Fantrainer A WI-2, a two-seat 
training aircraft powered by a 300 hp 
Wankel four-disk RC engine. It features a 
ducted propeller of small diameter to cater 
for the high rpm. 
A second important advantage is that the 

rotary disk does not follow a reciprocating 

movement. This makes it possible to trans
mit the disk movement directly to the shaft, 
resulting in less noise and vibration. It 
also leads to lighter balancing, a lighter 

propeller, engine mounting and installa
tion, together with a more compact unit. 
Development work still being carried out 
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is mainly directed at the sealing between 

the rotary disk and the cylinder wall and 
at obtaining the most favorable combustion 

characteristics. In view of the high rpm 

it will be necessary to choose a greater 
propeller reduction ratio than would be 
used in the case of more conventional en
gines. 

Fig. 4-11 shows the performance of some 
two-stroke engines and of the Wright RC-2/ 
60 as a function of the same parameter as 
used for four stroke engines. It is strik
ing to note that both types show an output 
only 10 to 15% higher than the four stroke 
engine. The improvement in the performance 
of the Wankel type engine is mainly due to 
the considerably higher rpm, which can be 
obtained without an excessive penalty for 

proper balancing. The Tiara four· stroke en
gines made by Continental (Ref. 4-17) are 
interesting in this respect since they use 

a new method to reduce torsional vibration 
during engine starting (Vibratory Torque 
Control). This makes it possible to run 
these engines at relatively high rpm (up 
to 4,400) , and these engines also have a 
high specific power output, running at low 
noise levels. 

4.3. BASIC PROPERTIES OF AIRCRAFT GAS TUR
BINES FOR SUBSONIC SPEEDS 

In spite of the fact that at first sight 
gas turbine engines show considerable mu
tual differences in general configuration 
(Fig. 4-15), it is possible to compare them 

on a common basis with respect to their 
thermodynamic properties. 
The majority of the gas turbine power 
plants designed for use in civil aviation 
can be classified according to one of the 
following categories: 

- straight jet (simple jet) or single-flow 
turbojet engines, 

- bypass engines (turbofans) or double-flow 
engines, 

- gas turbines driving a propeller or ro
tor: turboprop and turboshaft engines, re-
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Fig·. 4-15. Aircraft gas turbine engine configurations 

spectively. The engine category which only 
supplies power from the shaft (turboshaft 
engines) will here be regarded as belonging 
to the turboprop category. Engines with 
afterburning are mainly installed in air
craft designed for supersonic cruising 
speeds and military aircraft which must be 
capable of short bursts of speed. These 
types will not be dealt with here. 

In comparing gas turbine engines it is use

ful to split them up as follows: 
1. the gas producer or gasifier (gas gener

ator) which is the source of gases with high 
energy, 

2. the propulsive device which is the means 

to transform the energy of the gases into 
useful propulsive power (thrust times 
speed). 

4.3.1. The gas prod~cer 

The gas producer is the essential element 
of the engine in which a continuous self-

sustaining process takes place in the pro
duction of hot gases according to the 
Brayton cycle (Fig. 4-16). The component 
cycles take place in the following main el

ements: 

1. The entry duct in which atmospheric air 

>... _, 
<( 
:l: 
1-z 
w 

' .c; 

Fig. 4-16. Gas generator thermodynamic 

cycle 
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is accelerated or decelerated with a mini
mum of loss to the required inlet velocity 

of the compressor. 

2. The compressor (or compressors) in which 

the air is usually compressed in a number 

of stages in a polytropic process. 

3. The combustion chamber (or chambers) in 

which fuel is injected and ignited at ap

proximately constant pressure. 

4. The turbine (or turbines) where the a

mount of energy required to drive the com

pressor(s) is absorbed from the hot gases 

in a number of polytropic processes. 

As may be concluded from the difference in 

enthalpy between points 0 and 5 in the 

enthalpy-entropy diagram in Fig. 4-16, part 

of the energy of the generator gases is 

lost in the atmosphere in the form of heat. 

The remainder is available as useful isen

tropic power (Pgis , convertible energy) , 

which can be utilized for propulsion. This 

power is equivalent to the kinetic energy 

which the generator gases would obtain when 

expanding isentropically to atmospheric 
pressure. 

The thermodynamic performance of the gas 
generator may be characterized by the spe

cific convertible energy and the thermal 

efficiency. The specific convertible energy, 

Pgis/mg , is written in non-dimensional 
form: 

G (4-6) 

The parameter G will henceforth be referre< 

to as the gas generator function. 

Thermal efficiency is defined as follows: 

or 
p - ~ rng v 2 
gis 0 

Dth= m g cp (T - Tt ) t4 3 

(4-8) 

The total temperatures Tt and T refer t< 
3 t4 

the entry to the combustion chambers and 
that of the turbine (Fig . 4-17) . 
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Fig. 4-17. Schematic representation of gas 

turbine ·engines for aircraft propulsion 

Appendix H presents simple analytical ap

proximations for calculating G and Dth as 

a function of the pressure altitude, ambi

ent. temperature and M0 as operational var

iables. The compressor pressure ratio and 

turbine inlet temperature are considered 

as characteristic parameters of the gas 
generator. Reasonable assumptions have to 

be made for cycle efficiencies and pressure 

losses. The thermodynamic calculations 

which form the basis of these expressions 

can be found in various publications, e.g . 

Refs. 4-30 and 4-39. 
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Fig. 4-18. Propulsive efficiency of sub

sonic turbo-engines 
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a. Rolls-Royce Avon - straight jet engine 

b. Rolls-Royce Spey - low bypass engine (), 1) 

c. Rolls- Royce RB- 211 - high bypass engine (A 5) 

Fig. 4-19. Examples of turbojet engine configurations (data can be found in Table 6-1) 
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fan tip speed I, 050 fps ( 320 m/ sec) 

exhaust velocity generator 900 fps (275 m/sec' 

exhaust velocity f~n 600 fps (180 m/sec) 

d. Rolls-Royce/Bristol Siddeley M-455 (project)

very high bypass ratio (), = 10 . 5); geared fan; .va

riable incidence rotor blades 

Fig. 4-19. (concluded) 

4.3.2. The propulsive device 

The propulsive device is that part of the 
engine in which the convertible energy of 

the gases is transformed into propulsive 

power. This part is shown diagrammatically 

in Fig. 4-17 where it may be regarded as a 

separate part of the engine, as is the case 

with the aft-fan (Fig. 4-15). In the case 
of other engine configurations, however, 

this is a more fictitious distinction, as 
will be discussed later on. 

Gas turbines can be compared on the basis 

of their propulsive efficiency np' 

n = useful propulsive power 
p increase in isentropic energy (4-9) 

or: 

(4-10) 

Fig. 4-18 shows the propulsive efficiency 

of various types of engines under repre

sentative and comparable conditions. 

4.3.3. The pure jet engine 

The propulsive device of a straight jet 

(example in Fig. 4-19a) is the nozzle in 
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which the exhaust gases are accelerated and 
expelled rearwards (Fig. 4-17). For sub

sonic aircraft applications a converging 

nozzle is usually adopted. The flow in the 

exit opening of the nozzle is sonic in the 

design condition (high rpm) of modern tur

bojets: the nozzle is said to. be choked . 

The local static pressure (pel will be a

bove the ambient pressure and the engine 

thus delivers a pressure thrust in addition 

to the impulse thrust. Engine manufacturers 

usually define the total thrust as the 

standard net thrust: 

Tsn= mg (ve-Vo)+Ae(pe-po) (4-11) 

In order ·to obtain a simple expression for 
the propulsive efficiency, we may use the 

ideal thrust instead: 

(4-12) 

The velocity vg is reached some distance 
behind the nozzle opening when the gases 
have expanded to atmospheric pressure. If, 
to simplify the matter, we assume that com

plete expansion is an isentropic process, 

the propulsive efficiency will be: 

n = p 
(4-13) 

This expression may be recognized as the 
familiar Froude efficiency. At low speeds 

(takeoff and climb), vg >> v0 and np will 

be low; at high subsonic speeds it will be 
of the order of .50 (Fig. 4-18). 

4.3.4. The turbofan engine 

Although the principle of the bypass en

gine (examples are given in Fig. 4-19b, c 

and d) had been patented as early as 1937 

and an engine of this type was built and 

tested in 1946*, large-scale application 

was only possible when designers were able 

to build efficient compressors with high 

pressure ratios and turbines capable of 

withstanding high gas temperatures could 

*The Metropolitan Vickers F 2/3 aft-fan 

engine 



be designed. The pure jet engine was the 
only turbojet engine available for trans
port aircraft up to around 1960, but in 
later years it has been entirely replaced 
by the bypass engine as far as civil avia
tion is concerned. 
The propulsive device of the bypass engine 
(Fig. 4-17) consists of the following ele

ments: 

1. a low pressure turbine which absorbs the 
energy from the generator gases and trans
mits it through a shaft or directly to 
2. a low pressure compressor (fan) which 
compresses cold bypass air, 
3. jet nozzles, both for the generator ex
haust (hot flow) and for the bypass air 
(cold flow). A modest gain in thrust can 
be obtained for bypass engines by mixing 
the hot and cold flows in a special mixing 
device. 

Since in the turbofan the convertible energy is 

spread over a greater quantity of air than in the 

case of the pure jet engine, the mean exhaust velo

city will be l ower and, according to (4-13), the 

propuls ive effic iency higher (Fig. 4-18). However, 

the transmissi on of energy from the hot to the 

cold flow will entail losses, so that an improv e

ment will only be achieved when the gas generator 

specific output is sufficiently high. It can be 

shown that useful application of the bypass prin

ciple i s dependent on the fundamental condition 

that: 

(4- 14) 

Here nd is the isentropic inlet efficiency of the 

fan (cf. Fig. 4-16) and ntf is the e.::ficiency of 

the transmission of energy from the ::ot to the col d 

flow (ntf = ntx nf). With modern gas generato rs 

this c o ndition i s easily met at s ubso nic speeds, 

but at s u ersonic speeds this will not always be 

the case. 

The most important parameter of the bypass 
engine is the ratio of the mass flows per 
unit time through the fan (rnf) and through 
the gas generator (rng); the bypass ratio is 

rnf 
~ = 

rng (4-15) 

MIDIUM .VI'A$$ RAnO 

HIGH .VMSS RAJIO 

Fig. 4-20 . Configuration differences of 
low/medium and high bypass engines 

Obviously, for straight jet engines ~ = 0. 

The following distinction is often made 
(Fig. 4-20) 

a . Engines with a low bypass ratio (~ < 

about 2): low to medium bypass engines. The 
bypass air is completely ducted around the 
core engine and is sometimes also mixed 
with the hot gases. 
b . Engines with a high bypass ratio (~ > 

about 2). Engines of this type are general
ly fitted with a relatively short fan cow~ 
ing, though the desirability ~f installing 
noise suppression material (acoustic lin
ing) favors the use of a longer duct. 

The standard net thrust of a bypass engine 
is defined as: 

Tsn = L lm (ve-v o) +Ae (pe -poll 
g,f 

(4-16) 

in which the mass flows and exhaust condi
tions refer to those of the gas generator 
(g) and fan air (f) . 

4.3.5. The turboprop engine 

In this type of engine the propulsive de
vice (Fig. 4-17) consists of: 
1. the power turbine, 

2. the propeller shaft plus reduction gear, 
3. the propeller, 
4. the exhaust nozzle for the engine gases. 
Most of the energy derived from the gases 
is used to drive the propeller. The propul
sive power from the exhaust gases is about 
10 to 20\ of that of the shaft, with the 
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result that when we deduct the ram drag 

(mg V0 ) the net propulsive thrust of the 
engine gas·es at high flying speeds will be 

relatively small (order of magnitude: 5 to 

10%). In the case of turboshaft engines 

the power output will p~Qctically only be 

that supplied by the shaft. It can be shown 

that the propulsive efficiency of the tur

boprop engine, as defined according to 

(4-10) is approximately equal to the prod

uct of the turbine efficiency, the mechan

ical efficiency of the reduction gear and 

the propeller efficiency: 

np = nt nmech nprop (4-17) 

At flying speeds up to M0 = .5 to .6 the 

propulsive efficiency of the turboprop en-

gine will be superior to that of turbojet 

engines (Fig. 4-18). With increasing speeds, 

however, critical compressibility phenomena 

will occur at the propeller tips and pro

peller efficiency will deteriorate pro
gressively. 

The total power of the 'turboprop engine is 

often expressed as Equivalent Shaft Horse 
Power (ESHP): 

(4-18) 

Since in the static condition V0 = nprop = 
0, the second term is indeterminate, and 

the ESHP is sometimes expressed as follows: 
T. 

P =P + _1_2 5 (T. in lb,P in hp) eq br • J eq (4-19) 

Here the thrust of the engine gases is com

pared to that of a propeller which has a 

static thrust of 2.5 lb per shaft horse
power. 

4.3.6. Overall efficiency, specific fuel 

consumption and specific thrust (power) 

The definitions given above of the thermal 

efficiency and propulsive efficiency are 

logical as they enable us to compare dif
ferent types of engine with the same gas 

generator on the basis of their propulsive 
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devices. 

The distinction between the gas generator 

and the propulsive device may, however, be 

fictitious where the actual engine hard

ware is concerned. The outer part ef· the 
fan - which compresses cold air - forms 
part of the propuls.;.ve device, while the 

inner part should be regarded as part of 

the gas generator. Also, the low pressure 

turbine supplies power to both the fan and 

the gas generator. The total pressure ra

tio of the bypass engine, therefore, is the 
product of the pressure ratios across· the 
fan and across the high-pressure compres

sor when the fan is mounted ahead of the 
compressor. 

In some publications dealing with the bypass en

gine the propulsive efficiency is put equal to the 

Froude efficiency, assuming one (average) exhaust 

velocity. In that case, however, the thermal effi

ciency will have to be corrected for losses in the 

fan and the low-pressure turbine. 

The overall or total efficiency is defined 

as follows: 

useful propulsive power = T Vo (4_20 ) 
ntot heat content of the fuel 

WF H 

where H is the heating value of the fuel. 
The overall efficiency may be split up in

to combustion efficiency, 

n =heat supplied in combustion chamber(s) 
B heat content of the fuel 

(4-21) 

and the thermal and propulsive efficiencies 

given by (4-7) and (4-9). Hence the follow

ing will apply to the product: 

(4-22) 

The specific fuel consumption is often 

used to represent the efficiency of the en

gine. For turbojet engines the Thrust Spe·· 

cific Fuel Consumption (TSFC) is defined 

as follows: 

fuel consumption per hour 
net thrust (4-23) 



while the Power Specific Fuel Consumption 

(PSFC) is used for turboprop engines: 

C ; fuel consumption per hour 
P shaft (or equivalent) power (4-24) 

Since•fuel consumption is a direct indica

tion of the quantity of heat supplied to 

the engine, we may deduce from (4-20) and 

(4-23): 

vo 
CT ; constant ------H 

ntot 
(4-25) 

where CT is in lb/lb/h (or kg/kg/h) and the 

conversion constant is equal to 7.820 when 

V0 is in kts and H in BTU/lb or equal to 

8.435 when V0 is in m/s and H in kcal/kg. 

Knowing that the speed of sound at sea lev

el is equal to 661 kts (340.43 m/s) and 

assuming a heating value of 18,550 BTU/lb 

(10,300 kcal/kg), the corrected TSFC (CT/ 

/8) can be shown to be given by: 

.2788 (4-26) 

where e ; the relative ambient air temper

ature. The specific fuel consumption in 

cruising flight is a figure of merit of the 

engine which determines the quantity of 

fuel required to overcome the drag. In the 

case of the straight turbojet the use of 

CT has the advantage that it varies but 

little with speed. As opposed to this, for 

turbofan engines the variation with speed 

will be greater with increasing bypass ra

tio. Turbofan engines may be regarded as 

being situated midway between the straight 

jet engine and the turboprop engine, as the 

fuel consumption of the latter is related 

to the power output and also varies little 

with the speed. 

The specific thrust of a jet engine indi

cates how much thrust the engine develops 

for a given quantity of air flowing through 

it per unit of time: 

T net thrust 
W weight of airflow per unit of time 

(4-27) 

The specific thrust is also equal to the 

product of the fuel/air ratio divided by 

the specific fuel consumption. When the 

specific thrust is high, a relatively 

small inlet diameter will be needed in or

der to produce the required thrust and the 

weight and drag of the powerplant willgen

erally also be low. This conclusion only 

applies, however, when engines are compared 

which have a comparable mechanical config

uration. 

For a single-flow engine it is possible to 

derive a relation between the specific 

thrust and the propulsive efficiency, by 

combining (4-12), (4-13) and (4-27): 

T 

w 
for A 0 (4-28) 

Jet engines with a relatively high propul

sive efficiency will therefore have a low 

specific thrust at a given flying speed. 

The same conclusion is also valid for tur

bofan engines. It follows that when an en

gine is being designed or selected for a 

specific aircraft, a compromise between 

contradictory requirements will always be 

unavoidable. In the case of long-range air

craft a low fuel consumption (i.e. a high 

value of ~p) will be regarded as essential. 

When a high momentary performance is de

sired, however, a high thrust for a limited 

engine size must be achieved and it willbe 

necessary to choose a high value of the 

specific thrust. 

In the case of turboprop engines, the power 

may be related to the air mass flow through 
the engine. The specific power is maximum 

when G* is maximum, but this conditiondoes 

not result in a minimum for the specific 

fuel consumption, so here again a compro

mise will have to be sought. 

4.3.7. Analysis of the engine cycle 

When an off-the-shelf engine is not avail

able for a particular aircraft design, or 

when parametric studies are being carried 

out, it may be desirable to make a cycle 

*section 4.3.1 

119 



analysis of the engine, taking various en

gine des·ign parameters as variables. En

gine manufacturers have computer programs 

for performing these studies, and the same 

applies to some aircraft companies. Meth

ods are also presented in the relevant lit

erature (Refs. 4-25, 4-26, 4-29 and 4-50). 

In Appendix H a summary is given of ana
lytical expressions which, in spite of the 

simplifications introduced, are suitable 

for making an initial estimate of engine 

performance in preliminary aircraft design. 

This method has been used for the gener

alized calcul"ations which follow. When en
gine performance is calculated a distinc
tion can be made between: 

1. performance at the design point, 

2. off-design performance. 

Design point is intended to indicate the 

working condition at high rpm where the 

efficiencies of the compressor and turbine 

are optimum. The design point may be chosen 

for a representative situation, such as the 

takeoff, climb or cruise. In this way the 

engine can be adapted as far as possible 

to its use in the aircraft to match the 

most critical performance requirement. In 
the case of the straight jet engine, the 

design point is generally assumed as the 

takeoff, whereas the most critical condi
tion for high bypass engines will often 

be the cruising flight. 

4.4. ASSESSMENT OF TURBOJET ENGINES 

The most important design parameters de

termining engine performance are: 

1. Cycle efficiencies and pressure losses 

2, Overall Pressure Ratio of the gas gen

erator-compressor (OPR, £ =pt /pt ) 
c 3 2 

3. Turbine Entry (Intake) Temperature 

(TET, TIT, Tt ) 
4 

4. Bypass ratio (A) 

5. Fan Pressure Ratio (FPR, £f) 

As shown by Fig. 4-21, an improvement in 

the process efficiencies is an effective 

method of enhancing engine performance. In 

the simplified example given, a 5% improve-
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Fig. 4-21. Effect of cycle efficiency var

iation on turbofan performance 

ment in all efficiencies (e.g. 85% to 90%) 

will result in an 11% decrease in fuel con

sumption and a 16% increase in specific 

thrust. A high bypass engine will be more 

sensitive to increase in efficiency than a 

low bypass engine. It should be noted, how

ever, that this 5% improvement in efficien

cy is equivalent to a reduction in losses 
by one-third. The ways in which the engine 

manufacturer can reduce these losses fall 

outside the scope of this book. 
we shall now explain the influence of the • 

other parameters relating to 

1. the fuel consumption in cruising flight, 

2. the specific thrust under various con

ditions and the decrease of thrust with 

altitude and speed (thrust lapse rates), 

3. the weight and drag of the powerplant as 

installed in the aircraft, 

4. the noise production of the engine. 

The initial cost, maintenance and service 
life are very important factors influencing 

the choice of an engine, but these will on

ly be dealt with incidentally, as insuffi

cient data are available to enable us to 
determine conclusively how far they are af

fected by the engine design. The only gen

eral rule is that engine price and mainte-
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nance cost increase with complexity. 

4.4.1. Overall Pressure Ratio 

When a cycle analysis is carried out on 

turbofan engines with varying working pres

sures and temperatures at the design con

dition, a convenient representation of the 

results can be given in the form of Figs. 

4-22 and 4-23. The corrected specific 

thrust and fuel consumption have been used 

in order to make the result valid for dif

ferent altitudes. This figure shows that 

in all configurations an increase in OPR 

leads to a reduction in the specific fuel 

consumption in cruising flight. 

In order to obtain a high specific thrust, 

either in cruising flight (Fig. 4-22) or 

during takeoff (Fig. 4-23), a high value 

for the OPR is not required at the given 

TET. In the case of the pure jet engine, 

for example, with TET =1,000 to 1,200K in 

cruising flight, the condition for maximum 

specific thrust is ec = 7 to 9 and in the 

takeoff between 9 and 11. In the case of 

turbofan engines these values will be 

slightly higher, say 12 to 16 at the gen

erally acceptable turbine temperatures 

(Section 4.4.2). In view of the fact that 

- within certain limits - an increase of 

OPR over these optimum values has little 

influence on the specific thrust, the de

signer generally aims at higher pressure 

ratios which lead to a better fuel con-
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Fig. 4-24. Historic development of the OPR 

(References: Jane's All the World's Air

craft, various engine manufacturers' data) 

sumption in the design point and also at 

reduced rpm. Up to about 1953 jet engines 

were designed with a single stage centrif

ugal compressor (Fig. 4-15) which gave a 

maximum OPR of around four. As these en

gines had a high fuel consumption and large 

frontal area, they have been superseded by 

engines with an axial compressor (Figs. 
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Fig. 4-25. Specific fuel consumption of 

straight jet engines at sea level 

4-15 and 4-19a). There are some recent ap

plications of combined axial and centrif

ugal compressors on relatively small en

gines, such as the Garret AiResearch ATF-3, 

which have quite acceptable pressure ratios 

and a small frontal area. 

Axial compressors make it possible to ob

tain large pressure ratios and a small 



frontal area. A value of £c ~ 8.5 is still 

possible with a single compressor and sin

gle spool. When this value is exceeded, the 

design conditions for the foremost and 

rearmost compressor stages are so far apart, 

that it will be necessary to employ two 

compressors, running at different rpm: twin 

spool engines. 

The highest value for the OPR actually used 

in straight jet engines is about thirteen. 

Fig. 4-24 shows how the pressures have 

risen during the fifties. Fig. 4-25 gives 

an impression of the influence of OPR on 

CT during takeoff. The actual fuel consump

tion of a number of engines is compared 

with calculated values. 

The tendency towards high pressure ratios 

has been continued in the turbofan engine 

up to values of 25 to 30 in the case of the 

latest generation for large transport air

craft. Fig. 4-26 gives a schematic repre-

A. Twin spool; fan com- 8. Twin spool; separate 

bined with low pressure fan 

section of compressor 

C. Triple spool D. Twin spool; geared fan 

Fig. 4-26. Principle of various fan-com

pressor configurations of high bypass en

gines 

sentation of some engine configurations in 

which these high pressure levels can be a

chieved. 

Layout A has the disadvantage that the last 

stages of the low pressure compressor con

tribute little to the increase in pressure, 

as they operate at relatively low tip 

speeds. 

Layout B does not have that disadvantage, 

but demands a very high pressure ratio 

from the high pressure part, which entails 

the use of variable incidence guide vanes. 

Layout C, employing three shafts, is at

tractive for various applications, since 

a relatively small pressure ratio is de

manded from each of the compressors (Ref. 

4-34}. The specific weight is lower than 

that of the others. 

Layout D, the two-shaft engine with geared 

fan (see also Fig. 4-19d} appears to be 

particularly suitable for relatively small 

engines where the power to be transmitted 

by the reduction gear is limited. The re

duction results in a low fan tip speed, 

while the turbine is still working at a 

relatively high tip speed, resulting in a 

compact turbine. For several existing or 

projected geared fan engines thP gear ra

tio amounts to between .25 and .50. 

From Fig. 4-22 it is seen that for an en

gine with A ~ 8, for example, a pressure 

ratio increase of up to 36 will only give 

a modest gain in the specific fuel con

sumption. At these high pressures the tem

perature at the rearmost compressor blades 

becomes so high that the material proper

ties will deteriorate. For a future gener

ation of large engines for long-range 

transport aircraft £c ~ 36 may possibly 

prove to be the limit (Fig. 4-24}, but 

there is also a notable tendency towards 

considerably lower values in order to a

chieve simplicity coupled with low cost. 

In the future we may expect a range of 

values between Ec ~ 12 and 40, depending 

upon the use for which the engine is de

signed. The author's forecast is as fol

lows: 

- small executive aircraft, feederliners: 

12 to 14 

- short-range transport aircraft: 20 to 25 

- long-range transport aircraft: 35 to 40 

4.4.2. Turbine Entry Temperature 

Returning to Fig. 4-22, the following may 

be observed: 
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a. Ror a given bypass ratio a TET value 
which gives a minimum CT can be found for 
every OPR. This is henceforth indicated as 
the "optimum" TET. 

b. The optimum TET increases with increas
ing bypass ratio, the reason being that 
for high ~ the propulsive efficiency is 
not so sensitive to increasing TET as it 
is in the case of low bypass engines (Fig. 
4-27). 
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Fig. 4-27. Actual and optimum TET in cruis
ing flight (civil engines) 

c. At high bypass ratios, TET may be varied 
within fairly wide limits above or below 
the optimum value without greatly affecting 
CT. At ~ : 8 and Ec : 28, the TET will be 
optimum at 1500 K (2/00 R) in the example 
presented. However, when the TET is chosen 
10% lower (1350 K, 2430 R) it will cost 
only about 1% in CT. 
d. For all combinations considered, a high 
TET is favorable for obtaining a high spe
cific thrust. 

The maximum TET values used in actual en
gines for cruising conditions (Fig. 4-27) 
are generally higher than the "optimum" 
values. On the one hand, a high specific 
thrust has the advantage of low engine 
weight and installed drag, while, on the 
other, it will mean that in normal long
range cruise the engine will not operate 
at the maximum permissible cruise TET, but 
at a lower value which is closer to the op-

12.:1 

timum for low fuel consumption and long 
operating life. 

Maximum values for TET are higher during 
takeoff than in cruise (Fig. 4-28) as they 
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Fig. 4-28. Historic development of maximum 
TET during takeoff (References: engineman
ufacturers' data) 

will generally be required only for a lim
ited period of time. In the case of low 
bypass engines, the difference will be in 
the region of 150 to 200 K (270 to 360 R), 
but they will be less (50 to 100 K, 90 to 
180 R) for high bypass ratios, since the 
size of the engine is determined by the 
thrust required in cruising flight. 
At present, with the use of uncooled tur
bine blades, temperatures of about 1200 K 
(1260 R) may be regarded as permissible 
for short periods. When they are air
cooled temperatures of up to 1600 to 1650 
K (2880 to 2970 R) may be possible. Still 
higher values may be achieved in future 
with the use of transpiration cooling'and 
improved materials, although there is a 
considerable difference of opinion among 
experts on the actual gains to be expected. 
Looking at the \Talues used in practice over 
the past years (Fig. >-28), it may be noted 
that the average increase comes to about 
20 K (36 R) per year. If this trend con
tinues in the future we may expect a gen
eration of large, high bypass engines in 
the eighties with a TET of 1800 K (3240 R) 
during takeoff and 1750 K (3150 R) duriny 
cruise. The data in Ref. 4-48 indicate that 
these temperatures are feasible, with only 
moderate quantities of air required for 
cooling. 



4.4.3. Bypass ratio 

The choice of this parameter has such. a far 

reaching effect on the design of the engine 

and its installatioh, that the optimization 

of A cannot be fully dealt with here, in 

view of the complicated nature of the prob

lem. Accordingly, we shall confine our

selves to summarizing some of the more im

portant aspects. 

a. Design of the fan and low pressure tur

bine. 

The power supplied by the gas generator may 

be divided in various ways over the hot and 

cold flows. The division ~f power can be 

characterized by the work ratio, 

work ratio= power tran~ferred to fan (4_ 29 ) 
convert~ble energy 

This ratio is controlled by the pressure 

ratio of the low pressure turbine and the 

Fan Pressure Ratio and determines the ex

haust velocities imparted to the hot and 

cold gases. It can be shown (Ref. 4-30) 

that the propulsive (and overall) effi

ciency will be maximum when: 

(.70 to .75 are 
typical values) 

(4-30) 

where nt and nf are the turbine and fan 

efficiencies respectively. Fig. 4-29 shows 
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that for moderate values of A, the Fan 

Pressure Ratio (FPR) has no great influ

ence on the specific fuel consumption, at 

any rate within certain limits. If, say, 

for A = 5 we take an FPR of 1. 55 instead 

of the thermodynamic optimum of 1. 66, this 

will result in an increase of only 1\ in 

CT. The variation in the power absorbed by 

the fan, however, is closely related to 

that of the turbine. In view of the lim

ited pressure ratio per stage, the number 

of turbine stages will have to be adapted 

for certain combinations of A and FPR. If 

we now vary the FPR with a given number of 

turbine stages, the optimum will be found 

to lie at another value than in the pre

vious case. 

In Fi~. 4-30 the optimum FPR is given as a 

OPTIMUM VALUES. CALCli.ATED FOR: 
M 0 • .85 
h,.10,000m (32,800 FT) 

1.5 
t;, 
36 

14SO K 12610 Rl 26 

1100 Kl1980 Rl ,. 
1.00 2 4 6 10 12 14 16 

BYPASS RATIO 

Fig. 4-30. Calculated and actual FPR 

function of A for some combinations ofOPR 

and TET, calculated for M = .80 with the 

analytical method given in Appendix H. The 

points plotted in this figure represent 

values for the takeoff applicable to ac

tual engines; co~responding values for 

cruising flight are higher (Section 4.4.2). 

The graph shows that for a given gas gen

erator cycle the optimum value for the FPR 

decreases with increasing A. For high by

pass engines this effect will be partly 

compensated by the higher temperature and 

pressure levels which will generally be 

chosen in such cases, resulting in agreat

er specific convertible power. The maximum 

Fig. 4-29. Effect of fan pressure ratio on value for the FPR with a single stage fan 

SFC and number of low-pressure turbine stages will be about 1.60 to 1.70. 
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When the bypass ratio is increased at a 
given rpm, the fan diameter and tip speed 

will also increase. In the case of many 

modern ~ngines, part of the fan will work 

at transonic speeds which, amongst other 

things, will cause an increase in noise 

level (sub-para. f). This may be improved 

by using three engine shafts, thus reduc

ing the rpm of the fan, or reducing fan 

speed by means of a reduction gear (geared 

fan, see Fig. 4-19d). 

The Oowty-Rotol Company has developed a 

geared fan with rotor blades which can be 
adjusted in flight, so that an optimum ad

justment may be obtained for various en

gine settings. Thrust reversal can be a

chieved by giving the rotor blades a neg

ative pitch. The extra weight of the blade 

adjustment amounts to about 8% of the en

gine weight, whereas it will be over 15 

to 20% in the case of a conventional 

thrust reverser for ~n engine with a high 

bypass ratio (Refs. 4-47 and 4-52) 

b. Performance in high speed, high alti

tude flight. 

The influence of A on the specific thrust 
and fuel consumption for a number of com

binations of OPR and TET is given in Figs. 
4-31 and 4-32. The following may be noted: 
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10 

Fig. 4-31. Turbofan performance in cruising 

flight as affected by OPR and bypass ratio 
at constant TET 
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1. In the case of engines without intake 
and exhaust nozzle losses, CT will continue 

to decrease with increasing A, provided the 

optimum FPR is chosen for each configura

tion. A theoretical minimum will be reached 

with A + ~. corresponding to a propulsive 

efficiency ntf = nt.nf. 
2. The specific thrust decreases rapidly 

with increasing A, although this effect may 

be partly compensated by choosing higher 

values for the TET. 

3. When intake and exhaust nozzle losses 

are accounted for, there will be a bypass 

ratio for which CT is minimum. The effect 

of these losses is greatest when A is large 
and will even be accentuated under opera

tional conditions by the power extraction 

required to drive aircraft systems and 

bleed air to the de-icing and air condition

ing systems. The minimum installed CT which 
may be achieved, and the corresponding val

ue for A, are largely dependent on the mag

nitude of these losses (Fig. 4-33). 
4. Fig. 4-32 shows three combinations 

(points A, B and C), which are representa

tive of different generations of engines, 
both recent and present, for transport air
craft. A radical improvement in CT has been 
achieved ln the present generation of large 

engines like the Rolls-Royce RB-211, Pratt 
and Whitney JT-90 and General Electric CF-6 

high bypass ratio turbofan engines. 

The development of future generations may 

take different courses. 

Point o 1 : A bypass ratio of about 9 at a 

TET of about 1750 K (3150 R) and an OPR of 
about 36. The improvement in fuel consump

tion as compared with the current genera

tion is approximately 9% non-installed and 
8% installed, while the specific thrust in 

cruising flight is about 15% less. In view 

of the high flying speeds of long-haul 

transport aircraft, a much larger value for 

A may lead to excessive engine diameters 

and installation drag and will probably not 

be favorable. 

Point o 2 : Very large bypass ratios of, say, 

20 to 30 at a TET of 1600 K (2880 R) and an 
OPR of 25. This configuration will imply a 
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Fig. 4-33. Effect of bleed air takeoff on 

SFC 

very large fan diameter ("prop-fan") and 

entails the use of a reduction gear. Fuel 

consumption may be about 15% less at the 

flying speed chosen for the case in Fig. 

4-32, but the gain will be greater as the 

cruising speed decreases. The drag of these 

engines increases rapidly with cruising 

speed. 

The engines in this forecast are suitable 

for different types of aircraft. Type o 1 
may be particularly useful for fast long

range transport aircraft, while type o 2 may 

possibly be used on smaller and less rapid 

short-haul aircraft which should have good 

takeoff and landing performance and avery 

low noise level (sub-para. f) . 

The effect of altitude on engine perform

ance is dependent on many factors. An ap

proximation for the thrust lapse with al

titude is occasionally found in the liter

ature, for example: 

thrust at altitude 
thrust at sea level 

an (n < 1) (4-30) 

where both values of the thrust have been 

defined at the same Mach number and engine 

rating. Equation 4-30 should·be considered 

as an interpolation method for calculating 

ungine performance at altitudes where the 

engine manufacturer has not specified the 

thrust, rather than as a prediction method. 

The designer should refer to Appendix H or 

employ any other suitable method available 
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when he needs a prediction of the thrust 

lapse with altitude. 

Although engine performance can easily be 

predicted by using the method given in Ap

pendix H, the working pressures and tem

peratures of the engine should either be 

known or chosen. When the designer is 

prepared to accept statistical averages for 

cruising flight, reasonably accurate fig

ures can be found from Fig. 4-34 for effi

cient engines with high OPR. As against 

this, a comparison with Fig. 4-31 shows 

that for low OPR values the SFC will be 
considerably higher. 

c. Takeoff performance and other flight 

conditions. 

The specific fuel consumption is of less 

importance for performance in takeoff and 

climb, and we shall therefore pay rather 

more attention to the thrust lapse with 

speed, altitude and engine setting. 

If Tto represents the static thrust at sea 

level, and if at the same time we assume 

that the gross thrust and mass flow through 

the engine do not change appreciably over a 

speed ranqe of up to about M = .15, we may 

write: 

12R 

6 7 8 

T 

Tto 

BYPASS RATIO 

Fig. 4-34. Statistical 

values of SFC in 

cruising flight 

(4-31) 

In this expression T decreases linearly 

with vo due to the effect of ram drag m vo. 

At higher speeds, however, the effects of 

dynamic pressure on engine operation must 

be taken into account. 

Introducing the specific thrust into (4-31) 

it follows that: 

T 

Tto 

34.714 M0 
1 - (4-32) 

This equation may be refined by taking ac

count of the fact that the gross thrust in

creases with speed due to the dynamic pres

sure and that this is intensified as the 

bypass ratio increases. Assuming the mass 

flow through the engine to be constant, we 

may deduce (Appendix H) : 

Here G is the gas generator function, de

fined in Section 4.3.1, which will typical

ly be of the order of .9 to 1.2 during 

takeoff. 

From inspection of (4-32), it will be clear 
that since the specific thrust decreases 



with the bypass ratio (Fig. 4-23), the 

takeoff thrust of a high bypass engine 

will decrease more rapidly with speed than 

is the case with a low bypass engine. Fig. 

4-35, which is based on empirical data, 
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Fig. 4-35. Statistical-curves of thrust 

lapse during takeoff 

may be used for performance calculations 
in preliminary design. It shows the vari
ation in thrust, deduced from engines with 
A ranging from 0 to 7. Both curves for 
A = 9 and 12 apply to a TET of 1800 K (3240 

Rl and an OPR of 36, and are computed with 
4-33. 

Some of the consequences of the above are 

as follows: 

1. If, for a particular aircraft design, 
the thrust level is based on a requirement 
relating to the runway length or climb 

performance at low flying speed, the air

craft which is fitted with low bypass en

gines will have more thrust in cruising 

flight than one with high bypass engines, 

since the thrust decreases less rapidly 

with speed and altitude. 
2. If two aircraft designs, which in other 

respects are entirely similar, have the 

same maximum cruising speed at a certain 

height, while their engines have the same 

installed cruise thrust, the high bypass 

engine will generally result in better 

takeoff and climb performance. 

For given aircraft design requirements for cruise 

and takeoff, it is possible to find a bypass ratio 

where the thrust required in both conditions will 

be matched and this might form a basis for choosing 

A. In actual practice there are still other factors 

to be considered: 

1. Cruising altitude is often a fairly arbitrarily 

chosen parameter which may still be varied within 

certain limits. 

2. The engine manufacturer can influence the engine 

thrust lapse to some extent by adaptation of the 

compressor design point. When, for instance, the 

emphasis lies on the takeoff requirement, the de

sign point of the compressor is chosen accordingly 

so that the compressor efficiency will be maximum 

during takeoff, which implies that it will be lower 

during cruising flight. When, however, the cruising 

flight is taken as the sizing condition, the design 

point will be chosen with this requirement in mind • 

3. The engine manufacturer will design the engine 

for use in several types of aircraft. Once the en

gine configuration has been chosen it is still 

possible to influence performance to a limited ex

tent - for example by increasing the TET, which 

will increase the quantity of air flowing through 

the gas generator, though the engine will work 

slightly less efficiently with regard to fuel con

sumption. 

d. Engine weight. 

From the decrease in the specific thrust 
with A (Fig. 4-23) one might tend to con

clude that both weight and drag due to the 

powerplant installation will increase. It 

will be seen from Fig. 4-36 that this rea-

!~~MR~.~.~-~~~M~~~;-----------------------------, 

~ 
~.4 

~ 
~ 
e 
;:2 
~-
~-1 

o 0 o 
0 

OOo 

0 

15 jj,j:jO, .. 

loL----L----~--~L----L----~--~~--~-·-·--~~ 
0 2 3 4 5 6 7 8 

BYPASS RATIO 

Fig. 4-36. Specific dry weight of turbojet 

engines. (References Jane's All the World's 

Aircraft, engine manufacturers' data) 
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soning is not entirely correct, at any 

rate where the specific engine weight for 

takeoff conditions is concerned. This may 
be explained by assuming that the dry en

gine weight comprises that of the gas gen
erator and the propulsive device*. Assuming 

the first component proportional to wg and 
the second proportional to the fan thrust, 
we may write: 

(4-34) 

The static fan thrust as a fraction of the 
total takeoff static thrust can be derived 
from the analytical expressions in Appendix 
H as follows: 

1 - 0) (4-35) 

Elaborating (4-34) further and applying it 
to actual types of engines, we find c 1 = 
10 £c 114 and c2 = .12. This results in an 

approximation for the specific dry engine 
weight**: 

we 10 £ 1/4 
--= c + .12(1-
Tto (T/W)to (1+A) 

1 )(4-36) VI+. 75A1 

The second contribution is about 20% higher 

for geared turbofans and another 20% should 
be added to it for variable pitch fans. Ex
tra weight for acoustic treatment - if 
present- should be added (Table 8-8). In 
general it may be concluded that the spe
cific weight decreases with increasing A, 
in spite of the decrease in specific 
thrust. The variation of engine weight with 
high values of A cannot be predicted with 
certainty. For the sake of comparison Fig. 

4-36 also gives the specific weight of a 
metal propeller as well as that of a mod
ern efficient turboprop engine. It is 

likely that at very high A the specific 
weight will vary between about .15 and .25, 
depending largely on the size and complex-

*i.e. the combination of fan, low-pressure 
turbine and nozzle(s), see Fig. 4-17 
**A more detailed weight prediction method 

will be found in AIAA Paper No. 70-669 
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ity of the engine. 

When the specific weight is related to 
cruising conditions there is no cleat 

tendency to rise or drop with A. The wide 

variation observed is mainly caused by 
differences in engine configuration and 
thrust lapse with altitude. 

A special category of engine where the accent lies 

particularlv on low speed flight, is the lift en

gine, examples of which are shown in Fig. 4-37. 

RB 162-81 RB 202-36 
Subject 

LIFT JET BOOSTER FAN 

Max, T.O. thrust (average perf.) "-' lb 5992 13700 
By-pass ratio 9. 5 

Airflow "' lb/sec 85 721 

Specific thrust "' lb/lb/sec 70.5 19.0 
Mean jet velocity "' ft/sec 2218 610 

Specific fuel consumption "' lb/hr/lb 1.152 0. 45 
Thrust/Weight ratio 14.4 11 
Diameter '\. in 29 80.5 
Height "' in 54 52.8 
Noise at 1500 ft distance'\. EPNdB 113 89 

Fig. 4-37. Principal characteristics of 

Rolls Royce lift engines 

These engines are intended for use on V/STOL air

craft and have found commercial application in the 

Hawker Siddeley Trident 3, where they only operate 

as a booster during takeoff. Their main character-

istics are: 

1. high thrust at low installed weight and small 

volume, 

2. relatively short operational life. 

These features permit a specific weight of only 

.08 to .10 to be achieved. In the Rolls-Royce 

RB-202 project the objectives include a low velo

city of the exhausted engine gases, a low noise 

level and low specific fuel consumption. As a re

sult of these requirements the general configura

tion and the engine cycle are very different from 

those of normal engines designed primarily for 

high speed propulsion. 



e. Installation drag. 

This is the drag of.the engine mounted in 

a nacelle on "the aircraft. In accordance 

with Fig. 4-38 the following contributions 

to the total drag must be taken into ac
count: 

1. gas generator nacelle drag, 

2. drag of the plug in the hot flow, 

3. fan nacelle drag, 

4. pylon drag, and 

5. powerplant/airframe interference drag. 

When the jet effluxes are separated, the 

gas generator nacelle will be located in 

the fan exhaust flow, which has a higher 

velocity than the flight speed. The same 
applies to the plug in the hot gases, which, 

however, have a still higher velocity. The 

extra drag is .~sually termed the scrubbing 

drag* and it decreases with A since the 
velocities of the effluxes decrease. Curve 

VIII in Fig. 4-38 has been calculated by 

assuming optimum values for the FPR and a 

gas generator of constant design. With a 

given gas generator an increase in A will 

result in a larger fan diameter, a greater 

wetted area of the fan nacelle and the py
lon. This increase is approximately pro

portional to the static thrust. Because of 

various counteracting effects, the total 

installation drag - except interference 
d~ag - (01+o2+o3+o4) does not vary appre
ciably within a variation of bypass ratios 

between 3 and 10, especially when expressed 

in relation to the thrust (curve VI in Fig. 
4-38). 
Although the data in Fig. 4-38 only apply 

to a given gas generator, they present a 

good impression of the trends. It should 

be observed that the frontal area of the 

engine is not a sound reference for weight 

and drag. 

Installation drag increases in proportion 

to v0 2• This increase may be reduced by 
lowering A, though the result will be an 

*oue to the interrelationship between 

scrubbing drag and the engine operating 
conditions, this drag contribution is fre

quently considered as a thrust loss 

202~--~4~--~a----*a--~1=0--~12~--~14~~16 
-BYPASS RATIO 

I Static' thrust Tto; fan diameter; o 3+o4 

II Basic dry weight We 

III Specific weight, cruise condition, We/Tcr 

IV Drag of installed engine in cruise condition 

(Dl+D2+D3+D4=De) 

V Cruise thrust T 
cr 

VI Speci fie drag, D e/T cr 

VII Specific weight at takeoff W/Tto 

VIII Drag o 1+o2 

IX Specific thrust in cruise T cr/W 

Fig. 4-38. Effect of bypass ratio on thrust, 
drag and weight for a given gas generator 

(Refs. 4-33, 4-36, 4-38 and 4-53) 

increase in CT. In general it can be said 
that the optimum value of A for cruising 

performance will decrease with the design 
cruising speed. 

4.4.4. Engine noise 

In view of the fact that very few systemat

ic design rules have as yet been estab
lished to reduce engine noise, we shall 

have to confine ourselves to a qualitative 
summary of the most important factors. 

The external noise production of an air

craft will be largely influenced by: 

a. the design of the engine and its in

stallation in a nacelle (noise reduction 
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at the source) , 

b. the general arrangement of the aircraft, 
particularly the location of the engines in 
relation to the wings and the fuselage 
(shielding effects), 
c. flight performance in takeoff and land
ing, (takeoff and approach flight path and 
speeds), insofar as this is influenced by 
the design of the aircraft, 
d. adapted flight procedures, e.g. cutback 
of power during climbout, steep gradient 
approaches. 
These latter factors are intended to in
crease the distance from the noise source 
to the observer. 

The principal methods of reducing engine 
noise production are: 
a. Adaptation of the thermodynamic cycle 
to reduce the aerodynamic noise, the most 
important single factor being the bypass 
ratio. 

b. Measures to avoid the creation of ma
chinery noise. 
c. Measures to suppress noise that has 
been generated. 
Fig. 4-39 gives a general impression of the 
variation in different noise sources with 
bypass ratio. In the straight turbojet the 
dominant source is the violent jet mixing 
process aft of the engine, together with 
the exhaust system. Jet noise suppressors 
reduce the noise level by some 5 PNdB. The 
reduced exhaust velocity of low bypass ra
tio engines lessens the tailpipe and jet 
noise, but at the same time the fan com
pressor and turbine noise are not far be
low this level. Turbomachinery noise fre
quently becomes dominant at reduced engine 
rpm. In the case of high bypass engines the 
fan noise is particularly predominant at 
all relevant power settings. 
Practical measures which will lead to a low 
noise level are indicated in Fig. 4-40 and 
enumerated below: 
1. Use of low efflux velocities will de
crease the jet noise, particularly at low 
bypass ratios. Since an acceptable specific 
thrust is desirable, a fairly high TET will 
be chosen on high bypass engines. 
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b. Potential noise reduction trend (Ref. 
4-47) 

Fig. 4-39. Effect of bypass ratio on noise 
production 

Fig. 4-40. Practical measures to reduce the 
noise of a turbofan installation 

2. Use of jet noise suppressors on low by
pass engines. 
3. Readjustment of the ratio of the efflux 
velocities of the cold and hot gases rela
tive to the theoretically optimum 



value*. For a given A, this will bring the 

combined jet and fan noise to a minimum. 
4. Adjustable fan rotor blades, which will 

have the optimum setting with regard to 
noise during various flight conditions 
(variable pitch fans). 
5. Low fan tip speed, which is made possi
ble by adopting the three-shaft layout 
(Fig. 4-19C) or the twin spool layout w1th 

reduction gear (Fig. 4-190). 

6. Low pressure ratios of both the fan and 
the low pressure turbine. 
7. Elimination of the inlet stator blades 
and an increase in the distance betweenthe 

fan rotor blades and the stators. 
8. Optimization of the number of rotor and 
stator blades of the fan. 
9. Use of acoustic lining in the engine 
housing and/or sound suppressing rings 
(splitter plates) in the inlet and exhaust. 
This may reduce the noise by 5 to 10 PNdB. 
10. Reduction of machinery noise, particu
larly turbine and tailpipe noise. 

4.4.5. Summary and prognosis for the turbo
fan engine 

a. For each bypass ratio there is a "ther
modynamic" optimum for the fan pressure ra
tio. As A increases this optimum becomes 

more marked and it will be ~re important 
to choose the optimum Fan Pressure Ratio. 
b. The present bypass engine with A = 5 to 
8 shows a considerable improvement in spe
cific fuel consumption as compared with the 
pure jet engine and engines with a low A. 
A further improvement of about 15% will 
only be possible if A is chosen equal to 

20 to 30, combined with a high Overall 
Pressure Ratio and Turbine Entry Tempera

ture. 

c. Sensitivity to inlet and exhaust losses 
increases with bypass ratio, while for 
A > 10 to 12 there will be a great increase 
in the total installed drag. These values 
of A require another design conception for 
both the engine (fan reduction gear) and 

*i.e. in accordance with the optimum work 

ratio; see Section 4.4.3 a. 

the aircraft, due to the very large engine 
diameter. 
d. The bypass ratio plays an important role 

in matching the takeoff, climb and cruise 
performance. When the accent is on low 

speed performance a high A will be pre
ferred, but when cruising performance is 

regarded as the critical requirement, an 
optimum will have to be found with respect 
to specific fuel consumption, installed 
weight a, d drag. The optimum A decreases 

as cr~~sing speed goes up. 
e. An increase of A results in a reduction 
in noise, provided the tip speed of the 
fan does not become too high. With bypass 
ratios larger than about 9 to 10 it will 
be necessary to adopt a fan reduction gear. 
f. From extrapolations of TET and OPR we 
may expect a generation of engines in the 

eighties, with the main characteristics 
summarized in Table 4-2. 

Application Long-haul short-haul, 

short runways 

Bypass Ratio 9 20 to 30 

OPR 36 25 

FPR 1.6 1.4 to 1.3* 

Condition cruise takeoff cruise takeoff 

Mach number .9 0 • 7 0 

TET 1750K 1800K 1500K 1600K 

(31SOR) (3240R) (2700R) (2880R) 

Spec. thrust 

(sec) 14 27.5 8 to 5.5 18 to 13.5 

Corrected Sr .56 to .19 to 

CT//e (h - 1) .64 .27 .52 .16 

*geared fan 

Table 4-2. Forecast of principal charac

teristics for two new generations of turbo
jet engines (all data apply to the unin
stalled engine) 

4.4.6. Engine performance in non-standard 
atmosphere 

The thrust is found to be highly dependent· 
on the ratio 4>, 
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Turbine Entry Temperature 
Atmospheric Temperature (4-37) 

as well as on the temperature correction 

18, 

e =---· ambient temperature (4 38) 
standard ambient temp., sea level -

When the influence of the atmospheric tern

perature is determined on the assumption 

that the TET remains constant (curve I in 

Fig. 4-41), it is seen that at an air tern-
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Fig. 4-41. Thrust in non-standard condi

tions 

perature of, say, 95 F (35 C) at sea level 

the thrust will be 12~% below the value for 

standard conditions. If ~ is taken constant, 

the thrust will be approximately propor

tional to 1/18 (curve II) . In this case the 

loss in thrust will be considerably less, 

but at high atmospheric temperatures the 

TET will rise too high, with a resultant 

detrimental effect on the engine's service 

life. 

The thrust of most modern engines is con

trolled according to curve III, where two 

regions can be distinguished: 

a. A temperature region where the exit 

pressure of the compressor is limited. As 

the temperature increases the supply of 

fuel will be increased in such a way that 

the thrust will remain practically conJtant 

and the TET will also increase. 

b. A region where t."e '!'E'l' is lirni ted so 

that th~ hrust will decrease as the am-
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bient temperature rises. 

Known as the method of flat rating, this 
ensures that the engine will deliver a 

practically constant thrust within a large 

range of ambient conditions encountered in 

operational practice. 

Another method of reducing thrust losses 

at high atmospheric temperatures is to use 

water injection. A mixture of water and 

methanol is sprayed into the compressor 

inlet or injected at the combustion chamber 

inlet. As this evaporates it will cool the 

air and the mass flow through the engine 

will increase. The Turbine Entry Tempera

ture is restored by the burning of methanoL 
With the use of water injection the stand

ard thrust may be maintained up to about 

95 F (35 C) and, if required, can be in

creased by about 3 to 7%. A water injection 

system is required, but this does not en

tail any drastic changes in the design of 

the engine, so that the engine manufacturer 

will offer it as an optional item. 

4.5. ASSESSMENT OF TURBOPROP ENGINES 

Contrary to expectations in the fifties, 

the development and use of turboprop en

gines in civil aviation has not been so 

widespread as that of turbojets. Tt.is is 

mainly due to: 

a. the relatively great complexity of the 

co~ination of a gas, turbine engine with 

propeller reduction gear and constant speed 
propeller, as compared with the straight 

jet engine, 

b. the higher flying speeds which can be 

attained with the jet engine, as compared 

with the propeller engine. 

In the competition with the piston engine, 

the turboproo was only able to take the 

lead when technological progress enabled 

compressor pressure ratios to be raised to 

about 5 or 8 and Turbine Entry Temperatures 
of about 1200 to 1300 K (2160 to 2340 R) 

became feasible. This has resulted in the 

turboprop unit completely replacing the 

piston in the 5~0 to 3000 hp class of civil 
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engines. Where engine first price is an 

important factor, however, the turboprop 

unit is still very much at a disadvantage. 

4.5.1. Performance 

The power developed by the gas generator 

is distributed partly to the propeller 

shaft and partly to the engine exhaust 

gases. It can be shown that the propulsive 

efficiency and the flying speed are the 

deciding factors in the optimum distribu

tion of energy. The following optimum jet 

efflux velocity is found (Ref. 4-7): 

v 
0 (4-39) 

It is concluded that when the flight speed 

in the design conditions increases, the 

optimum gas efflux velocity will also in

crease. Consequently, when a turboprop en

gine is designed for relatively high speed 

operation, the thrust of the exhaust gases 

will be considerable at low speeds. If, on 

the contrary, the main emphasis is on high 

power output at low speeds, a low efflux 

velocity will be desirable (turboshaft en

gines). 
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of turboprop engines (data from Ref. 4-27) 

When (4-39) is applied to a family of tur

boprop engines, the specific fuel consump

tion and power may be computed with the 

method explained in Appendix H. This has 

been carried out for a cruising speed of 

SHAFT HP 
200 .LB SEC 

M0 •. 40 

H0 .6000m(19,680ftl 

1.4~i 
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.2 Fig. 4-42. General

ized performance of 
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turboprop engines 

at cruis11 1 condi-
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M0 .4 at 19,680 ft (6000 m), resulting in 

Fig. 4-42, which shows the following: 

a. The specific fuel consumption continues 

to decrease until a pressure ratio of ap

proximately 8 is reached; beyond this 

little gain can be expected~ 
b. The influence of the TET on fuel con

sumption is not very great. The value Cp= 

. 45 lb/hp/h (.20 kg/hp/h) may be regarded 

as a practical lower limit for the condi-

*Greater pressure ratios may still be 

chosen for engines which should have a low 

fuel consumption at lower rpm than the de

sign condition. 
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tions considered. 

c. For each OPR the specific power rises 

considerably with increasing TET. Moreover, 

at low OPR, with a given TET, the specific 

power increases with increasing OPR. How

ever, for each TET an optimum OPR is found, 

where the specific power will be maximum. 

Fig. 4-43 shows the combinations of OPR and 
TET which have been used in actual engines • 

d. Contrary to the situation found for the 

jet engine, increasing TET results in ever 

decreasing specific fuel consumption, the 

reason being that the propeller efficiency 

is independent of the TET, whereas the 

thermal efficiency improves with increasing 



TET. 

Fig. 4-43 shows that for a number of en

gines the values adopted for the OPR do 
not depart to any great extent from the 
calculated optimum. This leads us to think 

that further development of turboprop en
gines will not prove spectacular as far as 
specific fuel consumption and specific 
power are concerned. There are, however, 

still possibilities of achieving a low fuel 
consumption for engines which have to run 
at low power during very long flights, e.g. 
regenerative engines, for which the reader 
should consult Ref. 4-6. 
The effect of the OPR on specific fuel ·con
sumption is shown statistically in Fig. 
4-44. 

4.5.2. Weight and drag 

The weight of the turboprop engine is 
largely decided by the mass of air flowing 
through it and amounts to about 45 lb per 
lb/s of airflow. Therefore: 

we 45 -=--- (lb/hp or kg/hp) 
Pto (P/W)to 

(4-40) 

From this expression, which is compared 
with actual examples in Fig. 4-45, it is 
concluded that a high specific power is 
important for low weight. To this we may 
add that the frontal area of the engine is 
also proportional to W, so for the nacelle 
drag per hp it is possible to derive a 

similar relationship, as in (4-40). 

4.5.3. Turboprop engine configurations 

Older types of turboprop engines are fitted 
with a single centrifugal compressor. (See 

Fig. 4-46). SinceOPR values of about 4 have 
been achieved, these engines show a specific 
fuel consumption of at least .65 to .75 
lb/hp/h (.30 to .35 kg/hp/h). For this 

reason the air is often pre-compressed by 
means of an axial compressor and with this 
combination it will be possible to reach 
pressure ratios of the order of 10. These 

pressure ratios may also be obtained with 
a single axial compressor or with two cen

trifugal compressors in series. Some en
gines are fitted with two axial compressors 
on separate shafts and this makes a high 

pre1sure ratio possible (e.g. Rolls-Royce 
Tyne, OPR • 13.5, see Fig. 4-46b). 

Many turboprop engines are fitted with a 
free turbine. This is a low pressure tur

bine which is not coupled mechanically to 
the gas generator, but drives the propeller 
through a separate shaft·. With these en

gines it is often possible for the pilot 
·to adjust the power in certain phases of 
the flight by selecting the propeller pitch 
(8-control). This demands a special device 
which governs the quantity of fuel supplied 
to the eng~ne and controls the power output 
in such a way that the propeller rpm re
mains constant (cf. Section 6.3.3.). 

The following features are offered by the 
free turbine: 
a. When output has to be rapidly increased 
in a flight phase with low power, it will 
only be necessary to increase the rpm of 
the gas generator. The high-inertia pro
peller already revolves at the required 
rpm, thus making it possible to obtain a 
quick response. 
b. In flight conditions which require con
trol of the aircraft relative to a given 
glide path the use of 8-control will give 

improved speed stability, particularly in 
the low speed regime. 
c. Due to the aerodynamic coupling with 
the gas generator, the free turbine runs 

close to the optimum rpm under different 
working conditions,.resulting in a high 
efficiency. 
d. In the case of engine failure, the free
ly revolving propeller will only have to 

drive the free turbine and propeller drag 
immediately after the failure will be small. 

There are various possible engine cvnfigu
rations which can be adapted to feature a 

free turbine, without resorting to the co
axial layout. Examples are the Allison 250 
(Fig. 4-46c) and the Pratt and WhitneyPT6A, 
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a. Rolls-Rovce DART-Mk. SIO 

b. Rolls-Royce TYNE 12 

c. Allison Model 250 
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Fig. 4-46 . Examples of 

turboprop engine configurat

ions (data can be found in 

Table 6-2) 



d. Pratt and Whitney PT-6A 

e. Turbom~ca Astazou XIV 

Fig. 4-46. Examples of turboprop engine 

configurations. (data can be found in 

Table 6-2) 

(Fig. 4-46d), which work on the "reverse 

flow" principle with reversal of the flow 

within the engine. The gases are ejected 

either in front or in the centre of the 

engine at the sides. The advantage lies in 

the very compact layout, demanding little 

space to accommodate the engine. Thi~ may 

be compared with the Turbom~ca Astazou 

(Fig. 4-46e) with the jet pipe at the rear 

of the engine. However, with the jet pipea 

at the sides it is not possible to take 

full advantage of the thrust of the engine 

gases, unless one or more curved jet pipea 

are used . This will lead to an increase in 

drag and a loss of thrust. 
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Chapter 5. Design for performance 

SUMMARY 

After laying down the broad outlines of the general arrangement and finalizing the design 
of the fuselage, the designer's next step will be to decide on the type of engine to be 
installed and the size of the wing. Both have a direct effecr on performance and operating 
costs. 

Basic relationships are presented for the performance of systematic design studies. Ini
tial weight and drag estimation methods are given and boundary values are derived for air
craft parameters such as wing loading, thrust or power loading and aspect ratio. Some ex
amples of the use of parametric studies and synthesis diagrams are discussed. Finallyper
formance aspects related to noise reduction are dealt with on a qualitative basis. 
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Symbols 

A 

c 

c 

D 

-wing aspect ratio, A= b 2/S 

- mean deceleration or acceleration 

- speed of sound (at sea level ISA) p(p0 ) 

- Balanced Field Length 

- span or width; no index: wing span R 

- rate of climb Re 

- coefficient in generalized expres- r 

sion for L/D at v2 
airplane drag coefficient, c 0 = 

D/~pV2S 
- induced or lift-dependent drag 

coefficient 

- zero-lift drag coefficient 

- mean airplane zero-lift drag co

efficient, based on wetted area 

- lift coefficient, CL = L/~pv2s 
maximum lift coefficient, CL 

W/~pVS 2s max 

specific fuel consumption, pro

peller engines 

- specific fuel consumption, turbo

jet engines 

- chord length 

- friction coefficient of boundary 

layer 

- drag 

s 

SEP 

SLS 

T 

T. 
J 

d 1 ,o2 ,d3- factors defining the zero-lift 

drag coefficient 

E 

EPNdB 

e 

f 

g 

h 

L 

1 

M 

Ne 

n 
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- coefficient in generalized ex

pression for L/D at V2 
equivalent, perceived noise, dB 

- Oswald's induced drag factor, 

1/e = ~A(dc0 ./dCL2 ) 
1 

- field length factor for takeoff 

(ft0 ) or landing (fland) 

- acceleration due to gravity 

- altitude; height; screen height 

in takeoff (ht0 ) or landing (h 50 ) 

- ICAO Standard Atmosphere 

- ratio of takeoff weight to actual 

weight 

- lift 

- length 

- Mach number 

- number of engines 

-load factor (n = L/W); exponent 

y 

of relative density 

- power 

total (equivalent) takeoff horse

power of all engines 

static atmospheric pressure (at 

sea level ISA) 

- range 

Reynolds number, Re = Vl/v 

correction factor or ratio for 

drag estimation 

distance; area (no index: wing 

area) 

- Specific Excess ~ower 

- Sea Level, Static condition 

- thrust; atmospheric temperature 

(T0 = T at sea level ISA) 

total jet thrust (turboprop en

gines only) 

- total static takeoff thrust, all 

engines operating, uninstalled 

engines 

mean thrust in takeoff run 

- time; section thickness 

- equivalent inertia time 

- speed 

- approach speed 

- rotation speed 

- stalling speed; takeoff config-

- uration: vsl; landing configura-

tion: VS 
0 

- touchdown speed 

- engine failure speed 

speed at the decision point 

- takeoff safety speed 

- initial climbout speed, all en-

gines operating 

- weight 

- operational empty weight ; weight 

empty equipped 

dry weight of engines 

- fixed part of we (i.e. riot deter

mined by Wt0 ) 

- (maximum) takeoff weight 

- variable part of We (i.e. deter-

mined by Wt0 ) 

- angle of climb or descent; ratio 

of specific heats 

- equivalent angle of climb or de

scent 



T) 

e 

A 

A 

ll 

ll' 

\) 

second segment climb angle 

- increment 

- relative static pressure; 6 = p/p0 

- nacelle frontal area/cylinder 

volume per engine 

- efficiency 

- relative atmospheric temperature; 

e = T/T0 

- sweep angle 

- bypass ratio 

- friction coefficient; ~ = retar-

dation force/normal force 

- equivalent friction coefficient, 

including aerodynamic forces 

- coefficient of kinematic viscosity 

- air density (at sea level ISA) 

- relative density; a = p/p 0 

- power/engine frontal area 

- specific thrust (jet thrust/air-

flow); specific power (bhp/cyl

inder volume per engine) 

Sub,.cripts 

5.1. INTRODUCTION 

After deciding on the general arrangement 

(Ch. 2), incorporating this in initial de

sign sketches, and finalizing the layout 

drawings of the fuselage (Ch. 3), the de

signer's next ,;tep will be to decide on the 

type of engine to be installed and the size 

of the wing. At this stage of the design 

the specified m1ssion and flight perform

ance will play an important part. In Chapter 

air 

comp 

cr 

f 

g 

i 

land 

LOF 

MD 

n 

p 

res 

run 

stop 

t 

thr 

to 

trip 

uc 

w 

air maneuver in takeoff or landing 
compressibility effects 

cruising flight 

fuselage; flap; fuel 

ground (run) 

start of cruising flight 

landing 

lift-off 

minimum drag condition 

engine nacelle(s) 

payload 

reserve fuel 

takeoff or landing run 

deceleration phase during aborted 

takeoff or landing 

tailplane (empennage) 

thrust reverser(s) 

takeoff 

trip fuel (fuel burned) 

undercarriage 

wing 

c/4 quarter-chord line 

0 sea level conditions 

is occasionally chosen on the basis of 
limited performance studies. In such a case 

the wing design procedure is considerably 

simplified but the result may be unsatis

factory if the number of suitable engines 

is too restricted. If several engine types 

are available, a systematic study is re

quired to find optimum combinations of wing 

design and types of engine. In this Chapter 

the basic relationships for the performance 

of such studies will be developed and ele-
4 it was concluded that engine performance mentary examples will be given. A complete 
is affected by many parameters, such as cycle evaluation of the effect of the design 
temperatures and pressure ratios, bypass 

ratio, et~. The most important properties 

of the wing are wing sections and area, as

pect ratio and high-lift devices. In a 
well-balanced design the various parameters 

and shape factors are combined so as to 

minimize both the initial costs and opera

ting costs, while meeting all performance 

requirements. 

In view of the limited availability of en

gines, the type of engine to be installed 

choices on the complete aircraft is virtu

ally equivalent to carrying out as many de

sign studies as there are parametric varia

tions and many details must therefore re

main undiscussed. 

Simplified illustrations are presented to 
cover the more complex computational system 

and the reader may refine all relationships 

insofar as he thinks fit. The procedure is 

divided into three major parts: 

a. In1tial estimation of the empty weight, 
fuel weight, all-up weight and drag polars 
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(Sections 5.2 and 5.3). 

b. Derivation of boundary values of the de

sign parameters, based on ''reversed'' per

formance calculations (Section 5.4). 

c. Some examples of performance optimiz

ations (Section 5.5). 

The actual choice of the type of engine and 

wing shape is based not only on performance 

calculations but also on other factors to 

be considered in Chapters 6 and 7. 

In recent years, low noise production has 

become a requirement of major importance in 

aircraft.design. Although the methods for 

achieving a low-noise design have not yet 

been settled, some aspects will be mentioned 

in this chapter. 
It is emphasized that most of the methods 

presented here are intended as illustrative 

examples, applicable to an early stage of 

the design; they should be refined and im-

attempt to alter design weights at a later 

stage. The weight data issued by the pre

liminary design department serve as goals 

for other engineering departments. 

Weight prediction is necessary not only for 
st"ress and performance computations, but 

also for design optimization, as reflected 

in the following categories of estimating 

methodology: 

1. Pre-configuration selection methods. 

2. Configuration selection methods. 

3. Post-configuration selection methods. 

The general requirements to be satisfied by 

estimating methods are given below. 

a. Pre-configuration selection methods. 

"Weight guesstimates" are used during the 

period in the design where the mission re

quirements are practically the only objec-

proved as soon as more data become available. tives which are definitely known. The air-

Chapter 8 and the appendices to this book plane size and structural arrangement can-

contain more detailed data and many refer- not be finalized until systematic studies 

gnces to the relevant literature. have been made to determine the optimum de

sign. The prediction methods to be used 

should be elementary in nature, and the use 

5.2. INITIAL WEIGHT PREDICTION of statistics is appropriate when it pro-

duces rapid answers. Some examples are giver 

5.2.1. Stages in the estimation of airplane in Section 5.2.2. and in References 5-6 to 

weight 5-10. 

In the early days of aviation, the design b. Configuration selection methods. 

engineer was responsible for the design, The methods normally employed are semi-em-

stress analysis and weight control for the pirical and seek to account for weight var-

components of the aircraft. As design prob- iations due to changes in major design pa

lems became more complex, specializedfields rameters. Such methods are valuable in pa

of engineering were developed. One of these rametric studies aimed at finding out which 

fields is weight determination, control and combination of parameters yields the best 

coordination. Today, weight prediction and compromise of all the input variables. Not 

control are part and parcel of every phase only must the methods used provide accurate 

in the design and development of every type answers in an absolute sense, but the pre

of aircraft. dieted effect of the variation of each pa

Te be effective, weight prediction and con- rameter should be equally correct. The com-

trol must be carried out during the early putation methodology is iterative in nature, 

stages of the preliminary design, before a i.e. starting values for the design weights 

design configuration becomes "frozen". As must be assumed or based on previous esti-

soon as weight figures are distributed to mates, and after completion of the weight 

the various departments of a design office breakdown the new values must be used to 

as a starting point for further design e- start a further computation cycle, contin-

valuation, they will strongly resist a~y uing in this way until the process has con-
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verged to within the required accuracy. Ex

amples of these types of methods will be 
presented in Chapter 8. 

c. Post-configuration selection methods. 

In this phase a baseline configuration has 

been selected and it is necessary to ana

lyse the loads and weight in greater detail. 

(5-3) 

This equation will now be evaluated for sev-
eral airplane categories. 

Major elements of such a method are a de- a. Light aircraft with piston engines. 
tailed weight breakdown and the use of pre- One important contribution is the engine 
liminary stress analysis to determine the weight, which is frequently a known factor. 
amount of structural material required to Alternatively, it can be estimated fromFig. 
resist the applied loads and provide ade- 4-12. We then write: 
quate stiffness. Weights must be added for 

joints, cut-outs, splices and other features wto 
which complicate the structural arrangement. 

Design specifications of all systems must be 

1 

w 

-

+ w 
12 en9: 

(5-4) w wf var 
wto - wto 

available to estimate their configuration, 

power requirements and weight. Due to the 

very complex character of the type of work 

involved, comprehensive methods coveringall 

conceivable aircraft types are not readily 

availaille. However, many examples of ra

tional methods applicable to detail weights 
can be found in the literature. The Society 
of Allied Weight Engineers (SAWE) has pub

lished many of these and a selection of pa

pers appears in the list of references to 

Chapter 8. 

5.2.2. Examples of weight "guesstimates" 

The takeoff weight is the sum of operating 

empty weight, payload and fuel weight: 

(5-1) 

The empty weight can be considered as the 

sum of a fixed weight and a .variable weight: 

(5-2~ 

The actual subdivision can be adapted to 

the case under consideration. By way of ex

ample, if the engine to be used is known at 

this stage, it w.ill be considered as a fixed 

weight. Like the fuel load, the variable 

weight can be considered as a fraction of 

the takeoff weight, resulting in: 

The following averages were found from data 

relating to some 100 light aircraft: 

w var 
wto 

.45 

.47 -

.so -

nor
fixed gear lmal 
retractable cate-
gear gory 

utility (S-S) 

category 

.55 - acrobatic 

category 

constant R r A-.S + .035 (5-6) 1000 uc 

where the constant is .31 when R is in n.m. 
or .17 when R in km. 

The factor rue accounts for undercarriage 
drag (see Section 5.3.2.). 

b. Turbojet and turbopropeller aircraft. 

In principle, cruise fuel can be determined 

with the well-known Br~guet range equation. 

However, this is complicated by the fact 

that extra fuel is required for takeoff, 

climb, descent, reserves, etc. To avoid 
lengthy computations an estimate can be 
made as follows: 

Turboprop aircraft: the total fuel quantity 

is obtained from Fig. 5-1. 

Turbojet aircraft: the fuel is split up in

to trip fuel and reserve fuel. Trip fuel is 
given by Fig. S-2, explained in Section 
5.4.2., and reserve fuel is given by eq. 

5-46 or 5-47. 
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LB.NM 
0 100 200 300 HP/H 400 .4,---~---,----~--~~--~--~~~~~~~ 

I PROPELLER AIRPLANES I 

.3 

.2 

HIGH-SPEED CRUISE 

0 LONG-RANGE CRUISE 

.1 

RESERVE FUEL 

OL----L----L----L----L---~----L---~ 
0 100 200 CpR/vA 300 ~~i~G 

Fig. 5-l. Estimation of fuel 
weight fraction for turboprop 

aircraft (small and transport 

category) 

.5 Explanation: 

.3 

.2 • HIGH-SPEED CRUISE 

{ 0 LONG-RANGE CRUISE 

1 BUSINESS JETS 

4 

_I!~~ 1 +.068pM ~~~ •ov'O MJA 2 W10 

p and M 

R 

ambient pressure and I cruise 
Mach number condi-

corrected s. f. c. tions 

max. width, height and length 

resp. of fuselage 

range 
speed of sound at SL, ISA 

mean skin friction coefficient, 

based on wetted area 

Typical values: 

CF = .0030 - large, long-range trans-

ports 

.0035 - small, short-range 

transports 

.0040 - business and executive 

jets 

Fig. 5-2. Estimation of trip fuel weight fraction for jet airliners and executive aircraft 
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The empty weight of light aircraft (Wto ' 
12,500 lb, 5670 kg) is roughly 60% of the 

takeoff weight, hence: 

(5-7) 

For transport aircraft with Wto > 12,500 lb 
(5,670 kg), the accuracy of the empty weight 

prediction can be improved by splitting it 

up into: 

- the weight of the dry engines, 

- a fixed weight of approximately 1,100 lb 

(500 kg), 

- a constant fraction of the takeoff weight, 
mainly associated with wing and undercar

riage structure, 

- a weight group dependent upon the fuse
lage size. 

A justification for this approach is given 

in Fig. 5-3. The 20% fraction of Wto is 
derived from data relating to several 

developed aircraft types, leading to take

off weight growth, without changes in fuse

lage dimensions. The importance of the fuse

lage size is obvious not only from the di

rect contribution of the fuselage structure, 

but also from the fact that the weight of 

such items as sound insulation, wall trim, 

floor covering and the airconditioning sys

tem, etc. is closely related to the fuse

lage dimensions as well. 

The result of this approach is: 

(5-8) 

where liWe is derived from Fig. 5-3 andWfix 
is equal to 1,100 lb (500 kg). 
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At this stage, the fuselage dimensions tf, 

bf and hf will generally be known from a 

layout drawing, or may be estimated from 

statistical data (e.g. from Figs. 3-12 and 

3-13). The fuel weight fraction can be es

timated from comparable aircraft types or 

from Fig. 5-1 for turbopropeller aircraft 

1.5 

1.0 

and Fig. 5-2 for turbojet aircraft. The en- .5 

gine weight will be known once the engine 

is chosen. Otherwise 5 to 6% of the takeoff 

weight may be assumed as a typical value. 

5.3. INITIAL ESTIMATION OF AIRPLANE DRAG 

5.3.1. Drag breakdown 

In the cruise configuration (flaps and u~

dercarriage retracted) and for low-subsonic 

flight speeds, the drag coefficient c 0 is 

usually expressed as a unique function of 

the lift coefficient CL' referred to as the 

airplane drag polar. Most low-speedpolars 

are approximated by a parabola, 

c 2 
L 

CD= CD+ co.= CD+ rrAe 
0 ~ 0 

(5-9) 

The drag coefficient, based on the wing 

area, is frequently expressed in counts; 

one count = .0001. The symbol A= b 2;s de

notes the aspect ratio of a wing with span 

b and gross planfc.rm area s (definitions in 

Appendix A-2). 

When the actual drag polar, as determined 

from measurements in test flights or a wind 

tunnel, is compared with eq. 5-9, it is 

found that in a practical region of CL val

ues the straight line approximation of c 0 
vs. cL2 is acceptable (Fig. 5-4). 
Contrary to the exact polar curve, having a 

minimum at some small positive value of CL, 

eq. 5-9 indicates that c 0 is minimum for 

CL = 0. The zero-lift drag coefficient c 0 
is a fictitious quantity for the general 0 

case of a non-symmetrical aircraft, the 

actual c 0 for CL = 0 being slightly higher. 

The induced o~ lift-dependent drag coeffi

cient can be compared to the theoretical 

induced drag of a wing with elliptic span

~ise lift distribution, 
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Fig. 5-4. Typical low-speed polar curve 

c 2 
L 

TiA (5-10) 

The Oswald efficiency factor e in eq. 5-9 

accounts for the non-ellipticity of the 

lift distribution, the increase of profile 

drag of the wing, fuselage, tailplane, na

celles and various interference effects 
with the angle of attack. 

A preliminary stage of drag estimation may 

be accomplished by adding the individual 

drag contributions of the various compo

nents of the airplane: 

2: C0 S. 
~ 

s (5-11) 

The product c 0 . Sj is the drag area of each 
J 



component. For wings with thickness/chord 

ratios of up to 20% and slender fuselages 

(length/diameter ratio greater than about 

4), skin friction drag is predominant and 

it is customary to deduce the drag coeffi

cient of the components from their wetted 

area. Table 5-1 shows typical low-speeddrag 

figures for various classes of airplanes in 

the cruise configuration. 

CD e 
0 

high-subsonic jet 

aircraft .014 - .020 .75 - .85* 

large turbopropel-

ler aircraft . 018 - .024 .80 - .85 

twin-engine pis-

ton aircraft .022 - .028 .75 - .80 

small single en-

gine aircraft 

retractable gear .020 - .030 .75 - .80 

fixed gear .025 - .040 .65 - .75 

agricultural air-

craft: 

-spray system re-

moved .060 .65 - .75 

-spray system in-

stalled .070 - .080 .65 - .75 

*The higher the sweep angle, the lower the 

e-factor 

Table 5-1. Drag figures for various air

craft types 

5.3.2. Low-speed drag estimation method 

The example of a drag prediction method 

presented in this section, is a very ele

mentary approach, which can be refined if 

desired. A more detailed drag prediction 

method is given in Appendix F. 

The drag of an aircraft component may be 

estimated by comparing it to the friction 

drag of an equivalent flat plate having the 

same wetted area and length. For this com

parison to be valid, the boundary layer 

must develop in a similar manner for both 

cases and therefore the Reynolds number, 

with respect to the length, must be equal, 

while the transition from laminar to ,tur-

bulent flow is assumed to occur at the same 

distance from the nose or leading edge. 

A second condition which must be fulfilled 

for the flat plate. analogy to be valid is 

that there should be no appreciable regions 

of separation, and the aircraft components 

should therefore be well-streamlined, mod

erately cambered and smooth in shape. With 

regard to sharp corners, rear fuselage up

sweep or short stubby fuselage tails, for 

example, the flat plate analogy yields no 

realistic answers. In such cases reference 

should be made to experimental data, a val

uable collection of which is to be found in 

Ref. :S-12 . 

To account for distributed surface irreg

ularities and roughness drag, the boundary 

layer is sometimes assumed to be fully tur

bulent. In this case the friction coeffi

cient according to Prandtl-Schlichting, 

based on the wetted area, is given by: 

c = .455 
F (log Re)2.58 

(5-12) 

This equation is depicted in Fig. 5-5 in a 

normalized form, i.e. the value of CF for 

Re = 10 8 is taken equal to 1. To account 

for the thickness of the body, shape fac
tors representing the ratio of actual drag 

to flat plate drag are given in literature 

for wing sections and circular streamline 

bodies (e.g. in Ref. 5-12). For each air

craft the exposed (wetted) area must be 

calculated, interference effects estimated 

and extras added to account for protuber

ances, flap and control surface slots, 
cockpit windows and the like (Appendix F). 

A detailed drag estimation is usually a 

very elaborate exercise, for which most 

airplane manufacturers have developed their 

own procedures. For the purpose of sizing 

the airplane and the engine, a somewhat 

simplified approach based on statistical 

data is suggested here. In the presentmeth

od, the zero-lift drag will be calcuJ.ated 

according to the following basic equation: 

The various contributions will be explained 
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1.8 

1 cessna 112 10 L-104~ 

2 Ct\erokee , F-28 

' cessna 414 12 BAC·l-11 

4 Seneca , Trident 

rAe • Duke 14 Britahnia 

• Potez 840 1S DC·9 

Viscount 16 Caravella 

F-27 17 KC 135 

• OC-68 ,. 707/320 , DC-8 

20 c-sA 

.a 
o·' deduced from performance data 

Re= ~ 
f 'Vcr 

below. Base* drag is not included but may 
be accounted for, if present, by assuming 
6(C0S) = .13 times the projection of the 
base area on a plane normal to the flow. 

a. Wing. 

Uncorrected drag area for smooth wings: 

where rw 

t/c 

A 
.25 

s 

(5-14) 

1.0 for cantilever and 1.1 for 

braced wings 

mean thickness/chord ratio 
sweep angle at the quarter-chord 
line 

gross planform area (Appendix 
A-2) 

Eq. 5-14 is derived from the flat plate 

analogy and a typical thickness correction 
for t/c up to .20. The "uncorrected" drag 
figure applies to a smooth wing with the 
transition region at approximately 10% of 
the chord, for a Reynolds number of 12.5 
million, based on the geometric mean chord 
length. 

* Base: a surface, usually at the rear end 
of the fuselage, more or less normal to 
the flow. 
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b. Fuselage. 

Fig. 5-5. Correction factor 
on c 0 for scale effects, 

0 
roughness, etc 

Uncorrected parasite drag for streamline 
shapes: 

(5-15) 

fuselage length, including propeller 
spinner or jet engine outlet, if 

present, 

bf,hf= max. width and height of the major 
cross section, including canopy, 
shape factor, i.e. the ratio of ac

tual wetted area to that of a fuse

lage with elliptical or circular 

cross-section and cylindrical mid
section, for which rf = 1.0, 
1.30 - rectangular cross-section, 

1.15 - one side of cross-section 

rectangular, other side rounded off, 
diameter .65 + 1.5 length - fully stream-

lined fuselages without cylindrical 

mid-section. 

The "uncorrected" drag figure applies to a 
fuselage with fully turbulent boundary 
layer, for a Reynolds number equal to 100 
million, based on if. Calculations have 
shown that the thickness correction, multi

plied by the ratio of gross wetted area to 

the cylinder area .5 ~ if (bf+hf), yields 
an almost constant value of approximately 
.93 for most practical length/diameter ra-



tios. Great care should be taken when 

applyinq eq. 5-15 to aircraft with rear 
fuselaqe upsweep, bluff canopies, etc. , .for 
which considerably hiqher draq fiqures must 
be expected {cf. Section 3.5.1. and Fig. 

3-27). 

c. Tailplane. 

By analyzing tailplane drag in the same way 
as the wing drag, it was found that in 
practical cases the tailplane contribution 

amounts to roughly 24% of fuselage plus 
wing drag; hence rt = 1.24 is a good aver
age. On STOL-type aircraft rt may be as 
high as 1.30 due to the relatively large 
tailplane area. 

d. Engine installation and nacelles. 
The parasite areas will be related to the 

installed thrust or power, in order to ac
count for variations of nacelle or intake 
scoop size and shape with engine thrust or 
power. 

TURBOJET ENGINES 

The isolated engine pod is taken as the 
reference case; its wetted area can be re
lated to the engine mass flow, taking due 
account of differences in pod design for 
variation in bypass ratio. On the basis of 
actual pod shapes and wetted areas, an un
corrected friction coefficient of .003 and 

typical scr~bing and supervelocity drag 
values for cruising flight, the following 
expression was found: 

{C S) (5+A) Tto 
D n= 1 · 72 rn rthr 1+A ~t p 

0 0 
{5-16) 

where Tto and Wto refer to standard SLS 
conditions and 

rthr = 1.0 - thrust reversers installed, 
= .82 - no thrust reversers. 

The factor rn is an installation factor to 
account for pylon and interference drag in 
the case of podded engines. For buried en

gines rn represents drag due to intake 
scoops, exhaust pipes, etc. 

The following figures are suggested as typ
ical: 

1.50 - all engines podded 

1.65 - two engines podded, one buried 

in fuselage tail {this figure includes 
internal drag of the central inlet) 

1.25 - engines buried in nacelles, 
attached on the side of the fuselage 
1.00 - engiRes fully buried, intake 

scoops on fuselage 
. 30 - engines fully buried, wing root 

intakes 

It should be noted that the factor {5+A)/ 
(1+A) in eq. 5-16 has no physical meaning; 
it has been derived on a statistical basis 
from the ratio of wetted area to frontal 
area for actual engines with varying by

pass ratios. 

TURBOPROP ENGINES 
The uncorrected nacelle drag is: 

(5-17) 

where Pto and ~to refer to standard SLS 
conditions and 

1.0 - ring-type inlets 
1.6 - scoop-type inlets, increasing 

the frontal area 

Eq. 5-17 is based on a typical drag coef-
ficient .065 based on the nacelle frontal 
area, while for ring-type inlets the en
gine frontal area is approximately 65% of 
the nacelle frontal area. 

PISTON ENGINES 

Wing-mounted: 

(5-18) 

where Pto and wto refer to SLS-ISA condi
tions and 

c = nacelle frontal area 
n cylinder volume 

Typical values for wto may be obtained from 
Section 4.2 or from engine manufacturers' 
data. A favorable effect of size is re

flected in the factor 'n' which is of the 
order of .012 to .015 sq.ft per cu.in. 
(.07-.09 m2/liter) for engine powers up to 
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500 hp, but may go down to .OS to .07 sq.ft 

per cu.in. (.03 to .04 m2/liter) for the 

2,000-4,000 hp class. 

Fuselage-mounted tractor engines: 

(5-19) 

e. Undercarriage. 

For undercarriages which are fully retract

ed within the airplane external lines* a 

drag penalty is not necessary (rue= 1.0). 

Other values can be derived by retracing 

differences in measured performance of air

craft with fixed and retractable gear ver

sions and from published data on drag: 

rue 1.35- fixed gear, no streamlined 

wheel fairings 

1.25 - fixed gear, streamlined wheel 

fairings and struts 

1.08 - main gear retracted in stream

lined fairings on the fuselage (like 

C-130 and C-5A) 

1.03 -.main gear retracted in na

celles of turbopropeller engines 

f. Wing tip tanks. 

A typical figure, such as ~(c0s) = .055 

times the tank's frontal area, should be 

added to eq. 5-13. To compute the effective 

aspect ratio, the effective wing span and 

area should be taken as the distance and 

area between the tank centerlines (Ref. 

5-12). 

g. Corrections for Reynolds number and mis

cellaneous drag. 

It can be argued that interference effects, 

surface irregularities, excrescences, air 

scoops, aerials, slots, etc. generally af
fect the boundary layer more on small low

speed aircraft than they do on large high

speed aircraft, due to differences in rel

ative size and emphasis on pure aerodynamic 

design. In evaluating the present method, 

the ratio of actual measured to basic zero 

lift drag was therefore plotted versus the 

Reynolds number, based on fuselage length 

(Fig. 5-5). 

*i.e. no wheel fairings are required 
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The following approximation accounts for 

the effect of the Reynolds number on tur

bulent skin friction drag and miscellane

o.us drag items: 

actual zero-lift drag coefficient*= 
rRe~ uncorrected drag coefficient 

where 

47 Re -· 2 
f 

vcr 1 f 

"cr 

(5-20) 

(5-21) 

The subscript "cr" refers to the design 

cruising altitude and speed. Figure 5-5 

shows that the miscellaneous drag contri

butions amount to 25-30% for light aircraft 

and 10-15% or less on large transport air

craft. The rms error of the method is 4%, 

but this figure also allows for inaccuracy 

in the available data on drag polars. 

5.3.3. Compressibility drag 

Compressibility effects on drag are gener

ally ignored at Mach numbers below .5. The 

drag polars of a high-subsonic transport 

aircraft in Fig. 5-6 illustrate that for 

.8 

CL .75 

.6 
.80 

.4 

Fig. 5-6. Effect of compressibility on the 

drag polar 

*including excrescences, protuberances, 

roughness, etc. 



low CL values and Mach numbers up to .70 

the effects of compressibility on drag are 

of secondary nature. Between M = .70 and 

.80 a steady increase in the drag is ob

served ("drag creep") and at a critical 

Mach number of approximately .85 a rapid 

rise is experienced in both the zero-lift 

drag and the induced drag. This drag rise 

is caused by shock waves and boundary layer 

separation induced by these shock waves. 

The endeavor to achieve low compressibility 

drag, or rather a high drag-critical Mach 

number, is one of the most comprehensive 
tasks in aerodynamic design. This subject 

is dealt with more fully in Section 7.2. 

For the purpose of initial design calcula
tions, it is fair to assume that the aero-

dynamicists will achieve acceptable drag 

figures at the design cruising speed, pro

vided that wing sweep and thickness ratio 

are chosen appropriately. We may therefore 
assume that: 

/\CD .0005 - long-range cruise condi-
camp tions 

/\CD .0020 - high-speed cruise condi-
camp tions 

5.3.4. Retracing a drag polar from perfornr 
ance figures 

In ord<;>r to compare an estimated drag polar 
with the drag figures of existing air
planes, drag coefficients may be deduced 

from performance data as supplied by the 

airplane manufacturer. To do this for a 

given type of aircraft, the lift coeffi

cient in cruising flight is calculated 
first, 

C = W/S ] 
L 2 cr ~pV cr 

(5-22) 

Cruising altitude and speed are obtained 

from the manufacturer's brochure or other 

appropriate publications. The drag due to 

lift, 

(5-23) 

is estimated by assuming a typical value 

for e (cf. Table 5-l) and taking a condi

tion with a fairly low CL. As thrust equals 

drag in cruising flight, we may write: 

or 

cr 

(jet airplanes) 

(propeller 
airplanes) 

(5-24) 

(5-25) 

For jet-propelled aircraft, T is the in

stalled thrust, which is lower than the un

installed thrust due to bleed air, power 

offtakes and inlet pressure loss. A typical 
figure may be 4% reduction, but for high 

bypass engines it may well be as high as 8%. 
For propeller aircraft np represents the 
combined effect of installed propeller ef

ficiency, extra drag of aircraft components 

in the slipstream, intake losses, power and 

bleed air offtakes and cooling drag. Typi

cal figures are: 
np = .85 - turbopropeller engines (includ

ing jet thrust) 

.80 -wing-mounted piston engines 

.78- tractor piston engine in fuse

lage nose. 

Cruise power or thrust may be obtained from 
the engine brochure for the appropriate 

rating, altitude and flight speed. In the 

case of piston engines, ratings are usual
ly 75% or 65% rated power for performance 
and economic cruising respective!y. Final
ly, the zero-lift drag is calculated: 

(5-26) 

A more accurate determination can be made 

by analyzing several flight conditions in 

a similar way. By plotting the values of 
2 CD vs CL , CD and e can be found by a 

straight-line0 approximation, in the manner 

indicated in Fig. 5-4. 

5.3.5. Drag in takeoff and landing 

Drag in the en route configuration deter

mines the cruise thrust and hourly fuel 
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Fig. 5-B. Typical locus of lift/drag ratios 

for the takeoff safety speed 
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Fig. 5-9. Generalized takeoff lift/drag 

ratios 
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consumption. Alternatively, drag in the 

low-speed configuration (flaps deflected) 

determines the permissible takeoff weight 

for a part·icular flight of a passenger air

liner and hence the maximum use;uJ load~ 
On a hot and high airfield, a limitation on 

takeoff weight may result in a reduced pay

load or a restricted fuel weight and range. 

In such a case a drag deterioration of 10% 

may result in 30% less payload to be 

carried. 

Typical polars for several flap deflections 

for takeoff and landing are shown in Fig. 

5-7. As the available climb grad~ent, 

T 
y = w (5-27·) 

depends on the lift/drag ratio, the aero

dynamic characteristics are sometimes 

plotted accordingly (Fig. 5-Bl~* For each 

flap angle, the L/D ratio at the takeoff 

safety speed v2 are indicated on the curves. 

A line connecting these points forms an 

envelope or locus, which is useful in corn

paring one flap system with another. 

Since accurate prediction of the results of 

a flap design program is obviously impos

sible, it is useful to compare the v2 locus 

on a basis of generalized parameters, by 

writing the drag polar as follows: 

c /C (CD /A 
~ = ___ o___ + 

lA CL 
(5-28) 

The values of CD and e refer to the con

figurations with0 flaps deflected. Fig. 5-9 

presents a collection of some published v2 

loci. The following approximation is sug

gested for preliminary design purposes: 

(5-29) 

.018, E 

.005, E 

.70 slats extended 

.61 no slats or slats 

retracted. 

*Definition in Section B. 2 .1. 

**A more complete figure is shown on Fig. 

11-4 



Note that this equation does not represent 

an actual aircraft polar; it refers to the 

initial climb-out after takeoff. To include 

drag due to engine failure at low thrust/ 

weight ratios, E may be reduced by approx

imately 4% for wing-mounted engines and 2% 

for engines mounted on either side of the 

fuselage tail. 

Although the accuracy of eq. 5-29 for the 

approach and landing configurations is 

probably not so good, due to the higher ra

tio of flight speed to stalling speed, it 

still remains. a useful first-order approx

imation. 

5.4. EVALUATION OF PERFORMANCE REQUIREMENTS 

The objective of performance analysis is to 

predict the performance of an airplane type 

of given design and geometry. The designer, 

however, is confronted with the reverse 

problem: knowing the performance objec

tives, he must find combinations of design 

characteristics which will result in a de

sign that satisfies or exceeds all requir~ 

ments. 

The intention of this section is to trans

late the performance requirements into 

boundary values for those major aircraft 

parameters and characteristics, which have 

a first-order effect on performance: 

a. Powerplant. 

l. Total SLS takeoff thrust (power) of all 

engines, uninstalled, usually combinedwith 

the takeoff weight in the thrust/weight ra

tio (Tt0 /Wt0 ) or power/weight ratio (Pt 0 / 

Wt0 ) . Thrust loading or power loading is 

the reciprocal value of this: Wt0 /Tto or 

wto/Pto" 
2. The number of engines, Ne. 

3. Engine type or configuration. The thrust 

or power lapse ratios with speed, altitude 

and ambient temperature (T/Tto or P/Pt0 ), 

and the specific fuel consumption at cruis

ing conditions are particularly relevant. 

It is not customary to derive boundary val

ues for these characteristics, as theycan-

not be considered as independent variables 

(cf. Chapter 4, Section 4.4.). 

b. Wing. 

1. Gross wing areaS, usually combined 

with the all-up weight into the wing 

loading at takeoff Wt0 /S. 

2. Aspect ratio A= b 2 /S. Instead of A, the 

span loading Wt 0 /b2 is occasionally used~ 
3. High-lift devices, in particular the 

available CL-max and lift/drag ratios in 

takeoff and landing configurations. 

The wing section shape, the taper ratio and 

the sweep angle are not considered here; 

these will be discussed in Chapter 7. 

The various performance equations will be 

presented in a way which permits their 

ready application. For climb and high-speec 

performance it is generally convenient to 

express the engine thrust (power) interms 

of the other parameters, for low-speed 

performance the wing loading limitations 

are most easily derived explicitly, par

ticularly in the case of a fixed engine 

and given aircraft weight. 

The performance aims may not always be 

realized. For example, with regard to im

aginary solutions for the wing area. Even 

in the case of a fixed engine it is there

fore useful to consider possible engine 

growth, or alternatively to use the equa

tions to deduce the permissible takeoff 

weight from the most critical performance 

item. 

5.4.1. High-speed performance 

a. Jet-propelled aircraft. 

The thrust required to fly at a given 

speed and predetermined altitude is given 

by: 

T = D (5-30) 

* span loading is sometimes defined as 

wto/b 
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where T is the installed thrust, as derived 

from the engine manufacturers' brochure for 

a given engine, or assumed equal to a cer

tain percentage of the uninstalled thrust 

when the engine has not yet been sized 

( c f. Section 5. 3. 4. ) . 

The drag coefficient, as given by eq. 5-9, 

is dependent on the lift coefficient, 

C = W/S 
L hpM2 

(5-31) 

and eq. 5-30 can be rewritten as follows: 

T 
w (5-32) 

The zero-lift drag coefficient may be elab

orated in terms of the wing area and the 

installed thrust. Any drag prediction meth

od available to the designer may be used 

for this purpose. In this text the semi

statistical method of Section 5.3. is used 

to derive the following result: 

2 2 + 
Tto .7kw 6M nAe 
- = ------~---2---- (5-33) 
wto T/Tto- .76M d 3 

where 

kw 
wto 
----w 

d1 r 
(CDS)w 

+ 1\CD rRe uc rt --s-
comp 

d2 
(CDS) f Po 

rRe r uc rt 
wto 

(5-34) 

These terms are explained in Sections 5. 3. 2. 

and 5.3.3. 

In equation 5-33 the three terms in the nu
merator are associated with wing profile 

drag, induced drag, fuselage drag and em

pennage drag. The denominator may be inter

preted as an effective lapse ratio of the 

engines installed in nacelles, including 

internal and external nacelle or intake 

scoop drag. The value for T/Tto can be ob-
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tained from non-dimensional thrust curves 

or generalized data in Appendix H. 

The minimum thrust at a given airspeed and 

altitude is found when the wing loading is 

equal to: 

(5-35) 

This condition is identical to the condi

tion for minimum drag (or L/D-max) of the 
wing plus that part of the tailplane con

tribution which is proportional to the wing 

drag. The factor d 1 is thus proportional 

to the wing profile drag coefficient; the 

order of magnitude is .008 - .010, for air

craft with retractable undercarriage. 

b. Propeller aircraft. 

The equivalent horsepower required to fly 

at a given speed and altitude is given by: 

(5-36) 

The power/weight ratio in the sea level 

static (SLS) condition is derived in the 

same way as for jet aircraft: 

(5-37) 

For wing-mounted engines, the factors d 1 
and d 2 are defined analogous to eq. 5-34, 

while 

(5-38) 

This effect of compressibility on the drag 

can generally be ignored. For a tractoren-

gine in the fuselage nose, d 3 
is equal to: 

0 and d 1 

(5-39) 

The power lapse ratio P/Pto must be derived 
from the engine manufacturer's data. For 

the installed efficiency np typical values 

may be assumed as presented in Section 

5. 3. 4. 
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Fig. 5-10. Range performance of a high-subsonic long-range jet transport 

5.4.2. Range performance 

A specified range or radius of action must 

be achieved with a given payload or maximum 

fuel capacity, taking into account fuel 

reserves for holding and diversion. An in

dication of the cruise procedure will gen

erally be mentioned: (initial) cruise al

titude, long-range or high-speed condition. 

a. Jet aircraft. 

Although range performance depends upon the 

cruise procedure, the Breguet equation is 

useful as a basis for an initial prediction 

of cruise fuel. On the conditions of con

stant angle of attack, airspeed and specif

ic fuel consumption (climb cruise) , the 

range is: 

R (5-40) 

or: 

(5-41) 

where wi is the initial weight and wf the 

cruise fuel weight. For a given fuel frac

tion and engine type, the primary paramete1 

in this equation is M L/D, the range param

eter. The operational variables (cruise al

titude, Mach number), the wing loading and 

the drag polar are the primary variables. 

For medium- and long-range aircraft, the 

amount of fuel consumed is large and it is 

necessary to aim at optimum flight condi

tions. 

For a given drag polar and wing loading, lines of 

constant M L/D can be plotted on a speed-altitude 

diagram: Fig. 5-10 ; the lower part of this figure 

is an intersection for one altitude. The inclination 

of the tangent from the origin to the c 0 /CL -curve 

represents the condition for maximum M L/D. 

Considering flight at a specified sub-critical Mach 
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number and variable altitude first, the maximum 

range is obtained at an altitude where L/D is maxi-

mum, hence 

(5-42) 

corresponding to the minimum drag speed MMD. 

The locus of this condition for each altitude is 

indicated in the upper part of Fig. 5-10. 

For a specified altitude and variable Mach number, 

ignoring compressibility effects on the drag, the 

condition for maximum M L/D is: 

(5-43) 

resulting in: 

(5-44) 

' corresponding to a Mach number equal to /; MMD" 

The conditions for CL according to (5-42) and (5-44) 

are incompatible and no absolute optimum combination 

of M and altitude can be obtained. This is confirmed 

in Fig. 5-10, indicating that in the absence of com-

tude is significant (point B) • The maximum cruise 

rating of the engines determines the flight speed, 

and a typical extra drag of some 20 co\lllts is ac

ceptable. An intermediate condition is the cost

economical cruise, resulting in a favorable combi

nation of fuel costs and block time effects on op

erating costs (Section 11- S). 

The designer's problem with respect to 

range performance is to choose a favorable 
combination of speed, altitude and airplane 
geometry, to obtain the best - or at least 
a satisfactory - range performance and to 
estimate the amount of fuel. 

Flight speed variation has a major effect 
on the fuel required, but also on the de

sign of the wing (sweep angle, section 

shape), the structural weight, engine 
s.f.c., and problems of stability and con

trol. Optimization of the design - Mach 
number is a very complex study and this pa
rameter is usually specified in a rather 
arbitrary manner in the design requirements. 

pressibility M L/D continues to increase with alti- Cruising altitude has a direct effect on 
tude. fuel weight. When the installed engine 
For high-subsonic speeds, a rapid rise in drag and thrust is based on the cruise condition, the 
subsequent deterioration of the range is observed engine size required increases with alti-
beyond the drag-critical Mach number. Although the tude, as the density decreases, and for a 
complex character of the flow does not allow an an- given specific thrust the inlet diameter 
alytical treatment of compressibility effects, Fig. must increase as well. The weight of engine 
5-10 indicates that a definite condition for maximum plus fuel is a minimum for some altitude 
M L/D is now present. The locus of CL for this con- below the altitude for maximum L/D. This 
dition is correspondingly modified and intersects case is elaborated analytically by Kiichemann 
the locus of (L/D)max at the optimum combination of in Ref. 5-4, resulting in an optimum condi-
M and altitude. tion for CL depicted in Fig. 5-11. For long-

range aircraft the minimum fuel requirement 
The condition for maximum specific range (i.e. the dominates while on short hauls the amount 
distance travelled per pound of fuel consumed) is of fuel consumed is less and the engine 
slightly different from (M L/D)max due to the ef- weight is the main factor, leading to a rel-
fects of altitude and speed on engine s.f.c. In atively low optimum for CL in cruising 
operational practice the flight speed will always flight. 
be some 10-20% above MMD in horizontal flight in Obviously the matter is more complicated in 
order to obtain positive speed stability and to real life: 
avoid buffet during maneuvers. A typical long-range _ Cruise fuel is only part of the total fuel 
cruise condition results in 98% of the maximum spe- load. 
cific range (point A in Fig. 5-lOal. In operations -Fuel weight and engine weight do not have 
where fuel consumption is not a dominant factor, the the same significance from the point of 
high-speed cruise at a somewhat lower cruise alti- view of achieving minimum operating costs. 
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1.0 given by eq. 5-35 can be used to find a 

~~~~ . .10 ...:::::; .16 first-order approximation for the L/D-

.8 

.6 

.2 

OL---~-----L----~----L---~ 

0 .1 .4 .5 

Fig. 5-11. Optimum cruise conditions accor

ding to the criterion of Klichemann and 

Weber (Ref. 5-4) 

- For short-haul aircraft the engine thrust 

is frequently determined by the takeoff 

field length or an engine-out climb re

quirement. 

- Oxygen system requirements are dependent 

on cruising altitude (e.g. FAR 121.327-333), 

which may be a deciding factor. 

-Air Traffic Control considerations affect 

the choice of cruising altitude. 

For an initial estimation of ~he amount of 

trip fuel required, the fuel consumed for 

cruising is derived from eq. 5-41 : 

wfcr = 1-exp(- R cT;re co) (5-45) 
wto ao M CL 

where the initial weight is assumed to be 

approximately equal to Wto' Additional fuel 

is also used during takeoff, climb to and 

descent from cruise altitude, approach and 

landing. Fig. 5-2 is based on the following 

assumptions: 

a. The cruise fuel according to eq. 5-45 is 

the dominant factor in the fuel contribu

tion. 

b. For transport aircraft the wing loading 

ra.tio of the wing. 

r.. The wetted area of the fuselage is the 

primary parameter for the fuselage drag 

area; other drag contributions are assumed 

proportional to wing plus fuselage drag. 

Fig. 5-2 can be used, provided the fuselage 

dimensions are known, for example from a 

fuselage layout drawing or the data from 

Figures 3-11 and 3-12. Engine s.f.c. is 

deduced from the engine manufacturer's 

brochure or from the data listed in Chapter 

4. 

Reserve fuel consists of various contribu

tions (cf. Table 11-2). One important item 

is holding fuel, which is proportional to 

the airplane minimum drag, hence inversely 

proportional to lA. The following empiri

cal correlation has been found to give a 

good approximation for transport aircraft: 

CT/18 
.18 (transport a/c) (5-46) 

lA 

where CT/18 is the same quantity as used in 

Fig. 5-2. A fuel reserve for 3/4 hour ex

tra flying time should be allowed for bus~ 

ness jets and executive aircraft. This can 

simply be translated into an equivalent 

range increment: 

t;R 
(business and 

executive jets) (5-47) 

Fig. 5-2 is thus valid, provided an equiv

alent range is used equal to R + t;R. 

If the effects of varying parameters like 

wing loading and aspect ratio are to be 

assessed, the aircraft weight distribution 

must be computed in terms of these param

eters. The details of these calculations 

will not be dealt with here;. a simplified 

example in Section 5.5.3 shows the effects 

of wing area variation on the weight dis

tribution of a long-range aircraft. 

b. Propeller aircraft. 

The Br~guet range equation for propeller 
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aircraft is: 

R 
~ L wi 
cp i5 in w - w 

i f 
(5-47) 

A similar picture to Fig. 5-10 can be 

drawn up. If s.f.c. and propeller efficie~ 
cy variations are ignored, the specific 

range can be shown to be a maximum 

- for minimum airplane drag, if the alti

tude is fixed and flight speed variable, 

- for minimum power, if the flight speed 
is fixed and altitude variable. 
As in the case of jet aircraft, these con

ditions are incompatible and no absolute 

optimum exists on the basis of flight me

chanics. In general, range performance 

continues to improve with altitude until 

the available engine power becomes the lim

iting factor. 

Fig. 5-1 can be used for an initial esti

mation of fuel weight. The wing aspect ra

tio is the primary factor in obtaining a 

high L/D ratio and good range performance. 

It is the only parameter used in this fig

ure to characterize the aerodynamic per

formance, as no considerable improvement 
was found when fuselage dimensions were 
introduced. 

5.4.3. Climb performance 

Climb performance may be specified in the 

form of: 

a. Operational requirements, derived from 
desired performance capabilities in normal 

operating conditions, e.g. 

- Rate of climb at sea level, clean con

figuration, all engines operating. 

- Service ceiling altitude for max. rate 
of climb = 100 ft/min, .5 m/sec), clean 

configuration, all engines operating orone 

engine inoperative. 

b. Airworthiness requirements, to ensure 

adequate performance for safety in normal 

and critical conditions, e.g. 

- Minimum climb gradient in various config

urations (takeoff, en route, landing), one 

engine inoperative or all engines operating: 
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flaps deflected or retracted, flying at or 

above a specified flight speed. This item 

of performance is of particular interest 

for jet-propelled transports and will be 

dealt with in more detail in Chapter 11.6. 

- Rate of climb at a specified altitude, one 
engine inoperative. Frequently the rate of 

climb is related to the stalling speed 

(flaps down). This item of performance is 

of particular interest to piston-powered 

transports and all light aircraft. 

Climb requirements may be categorized as 
follows. 

a. Rate of climb at a fixed flight speed 

b. Rate of climb at optimum flight speed 

c. Climb gradient at a fixed flight speed 

d. Climb gradient at optimum flight speed 

In actual practice cases, b. and c. are by 

far the most important ones; case a. can 
be found in airworthiness requirements for 

transport aircraft with reciprocating en

gines. Case d. may incidentally occur 

where a takeoff climb gradient cannot be 

fulfilled at v 2min for transport category 
aircraft ( "overspeed") . 

A special case of operational climb per
formance - the time to climb to a given 
altitude - will not be discussed here as 

no analytical procedure is available to 

convert such a requirement into combina

tions of design variables. 

The various cases will first be dealt with 

as a general performance problem. Some ex

amples and applications will then be 

presented in order to illustrate the pro

cedure. 

A useful general term for specifying climb 

performance is Specific Excess Power, SEP: 

(5-48) 

Excess ·power is available for climbing, 

accelerating and making turns. In the case 

of a steady climb at n = L/W ~ 1, SEP is 

identical to the rate of climb C, provided 

the angle of climb y is not too large 

(approximation: cosy = 1). 

For horizontal flight at n 1, the SEP is 



equivalent to the rate of increase of ki

netic energy and is therefore a measure of 

the time required to accelerate from one 

speed to another. In a horizontal turn at 

a specified rate of turn or load factor, 

the SEP represents the maneuvering and ac

celeration capability. Note that the di

mension of SEP is length opr unit time and 

not power. 

a. Jet aircraft. 

The thrust required is derived from eq. 

5-48: 

T SEP + 
CD 

w --v n 
CL 

(5-49) 

1. In the 

ent for n 

case 

1, 

of a specified climb gradi

steady flight: 

dh/dt SEP (5-50) y = --v- --v 
and eq. 5-49 yields: 

T y + 
CD 

(5-51) w CL 

The lift and drag coefficients are given 

by eqs. 5-31 and 5-9. Hence: 

2 

T 
l.,;yM CD 

WL(J2S) y + 0 (5-52) w W/(pS) + ~yM2 11Ae 

The minimum value for T/W corresponds to 

the minimum CD/CL ratio with 

~ 

CL =\CD 11Ae at M =I WL!J2S) I 
o h\'CD 11Ae 

0 

= M(L/D)max 

and consequently: 

(5-53) 

(5-54) 

2. For a specified rate of climb for dV/dh= 

0, n=1 and arbitrary V, eq. 5-49 is mod

ified to: 

rn 2 2 
~= SE~{a (:•) + nV~ ~(~) + (:•) I (5-55) 

where 

!.; 

M' = ( n W/ (J2S) I = rn M 
h 'c:;;Ae' (L/D) max 

\ Do 

(5-56) 

If the Mach number is specified, this e

quation can be used directly to obtain T/W. 

However, in most cases a condition for M 

is sought for which the T/W ratio is a min

imum. A plot of T/W vs. M, together with a 

typical thrust lapse curve (Fig. 5-12) in-

.5 

.4 

.3 

.2 

.1 

-< 
/ 

/ 

/ 

/'TYPICAL 
/' THRUST CURVE 

M 

Fig. 5-12. Required thrust in a climb with 

specified SEP 

dicates that an acceptable approximation 

for T/W is found at the Mach number for 

which eq. 5-55 has a minimum value. This 

condition is: 

(5-57) 

The solution is presented in graphical 

form in Fig. 5-13. In general, it is ac

ceptable to calculate CD as follows: 
0 

w 
c = 1.1 (d1 + d2 ~) (5-58) D0 S p0 

where the drag due to powerplant installa

tion is assumed at 10% of c0 and d 1 and d 2 
0 
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are defined by eq. 5-34. 

The general result for a specified rate of 
climb may be simplified for two special 
cases. 

Case A: steady flight at low altitude, all 
engines operating, in order to achieve a 
specified rate of climb C at n 1. The 
contribution of the induced drag (second 
term in eq. 5-57) to the optimum T/W can 
be neglected. From Fig. 5-13 it is obvious 
that for sufficiently large values of C 
this approximation is acceptable. The con
dition for M is: 

.5 
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Fig. 5~14. Correlation of thrust/weight 

ratio and maximum rate of climb 
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Fig. 5-13. Condition 
for the minimum thrust 

Mach number in a 

climb with specified 
SEP (jet aircraft) 

(5-59) 

Substitution into eq. 5-55 yields: 

T 3 1/31 ~Foo 12/3 
w 2 y ---- + 

yw/(ps) 

CD 

1 r13 + 2 0 Vw/(ps>' (5-60) 
yl/3 11Ae fyc; a D 

0 • 

In most cases this expression is quite accurate, 

provided C corresponds to low altitude performance 

with all engines operating. In the derivation of 

T/W, it was assumed that dV/dt = 0. In operational 

practice, however, a rate of climb is usually es

tablished in a flight with constant EAS or CAS. It 

can be shown that the acceleration necessary for 

flying at constant EAS at low altitude is given by: 

(5-61) 

This may be translated into an additional engine 

thrust required for a given C: 

C X W )1/3 
/;T = .567 £(; pS 
w a yc0 

0 

(5-62) 

Instead of a detailed calculation; for which many 

data must be available, a statistical correlation 

of T/W and C//W7S at sea level may -be used, as given 

in Fig. 5-14. 

Case B: flight at high altitude with low 
rate of climb, in order to achieve a spec
ified service ceiling. The contribution of 



SEP in eq. 5-57 can be neglected and the 

Mach number for minimum T/W is equal toM'. 

At the service ceiling, C = 100 ft/min 

(.5 m/sec), hence 

.00147 (5-63) 

and the thrust required at the ceiling is: 

rc;:' yc0 1t Ae' 
!=2nY ;,;.g+.00123 o (5-64) 
w nAe 18 ynw/ (ps)' 

where the relative temperature 8 and the 

ambient pressure p refer to the ceiling. 

The ratio of thrust at the ceiling tostat

ic thrust must be used to convert this T/W 

value into Tt0 /Wto• 

b. Propeller aircraft. 

For n = 1 the available power is equal to 

the power required to climb plus the power 

necessary to balance the drag. Assuming 

steady flight, SEP = dh/dt = C, and eq. 

5-48 is modified into: 

(5-65) 

If C is defined at a given flight speed, 

the lift and drag coefficients are known 

and eq. 5-65 can be used directly. 

To find the flight speed for which the 

power required to climb reaches a minimum, 

assuming a parabolic drag polar, the P/W 

ratio for given rate of climb is modified 

to: 

l c0 C 1/2 , 
P _ 1 C + o + L 2W 
w-;;- (c 3/2 11Ae)~ 

p L 
(5-66) 

For a given altitude and engine rating, P/W 

is affected by np and CL. For a parabolic 

polar, the value of the term: 

c 1/2 
+ _L __ 

nAe 

is minimum for cL =y3 c 0 nAe'. However, 

propeller efficiency gene~ally improveswith 

increasing airspeed and in practice themost 

favorable speed is roughly 20% higher than 

the speed for the minimum power required to 

balance the drag. The result is: 

at M 

c 1/4 

Do \/W' 
(nAe) 3/4 . pS 

1 . 0 9 4Yw/(!)S) 
yc0 nAe' 

0 

(5-67) 

The engine power* is generally the maximum 

continous (equivalent) power for turboprop 

engines or the rated (METO) power for re

~iprocating engines, at the ambient condi~ 

tions for which C is specified. 

In the case of a service ceiling, eq. 5-67 

can be used by taking C = 100 ft/min 

(0.5 m/s), hence 

.00147 (5. 68) 

while in (5-67) the speed of sound and the 

static pressure refer to the service ceil

ing. 

c. Applications. 

Airworthiness climb requirements are to be 

found in: 

FAR 23.65 and 67 

SFAR 23. Amendment 1 ch. 6 

FAR 25.65 and 67, 25. 117-119-121 

BCAR Chapter 02-4. 

A survey of the most pertinent data for 

transport aircraft will be given in Chapter 

11 Section 11.5. It is not intended to deal 

with all possible requirements in this sec

tion. Instead, some examples will be pres

ented to illustrate applications of the 

formulas already derived and the importance 

of climb requirements, with particular ref

erence to civil aircraft engine sizing. 

Example 1 

The rate of climb specified at sea level for a sub

sonic jet trainer is 4500 ft/min (23 m/s), corre

sponding to c/a = .0672. The weight is 7000 lb 

(3170 kg), wing areaS= 210 sq.ft (19.5 m2) and 

*divide (5-67) by 550 if P is in hp, W in 

lb and C in ft/sec 
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A = 5.5, hence W/(p0 S) = .0156 and ~Ae 

e = .8. Furthermore c 0 = .019. 

To use Fig. 5-13, we c~lculate 

13.8 for 

1 W/ (p S) I~ 
M' = ~y Jc: Me 

. 209 and C/ao (!fAe = 4. 33 
2M' v C 

D 
0 

0 

The figure indicates M' /M = • 59; hence M = • 35 for 

minimum T/W. Using eqs. 5-55 and 5-62, we calculate: 

T 

w .309 for steady flight 

f1T W = 013 for acceleration (constant EAS) 

total T/W • .322 

For a thrust lapse rate of .85 at M = .35, the 

takeoff SLS thrust/weight ratio must be at least 

. 38. The approximate equation 5-60 for steady 

flight yields T/W = .314, as compared with .309 

for the "exact" sol uti on. 

Example 2 

For a twin-engined subsonic jet passenger trans

port, the ser ... ·ice ceiling with one engine failed 

is specified at 15,000 ft (4570 m). The following 

data are pertinent to the aircraft. 

w 75,000 lb (34,000 kg); S = 850 sq.ft (79 m2 ); 

c 0 .018; A= 8.5 and e = .85, hence TrAe = 22. 7. 

Fo~ engine failure, an 8% decrease of e is assumed: 

TrAe = 20.9. At an altitude of 15,000 ft, W/(pS) 

.072 and 8 ~ .897. According to eq. 5-56, 

M' 1 .072 I~ - 41 

• 7 -/.018x20.9 

We now calculate from eq. 5-55: 

SEP/a ~ ~ 0645 
2M' V CD • 

0 

From Fig. 5-13 we find that M' /M = .975, and there

fore the speed for minimum thrust at this altitude 

is M = .42. Equation 5-56 yields: T/W ~ .0624. The 

engine thrust lapse at an altitude of 15,000 ft 

and with M = .42 is .47. The thrust/weight ratio 

required at SLS is: Tt0 /Wto = .265. The effect of 

flying at constant EAS is neglected in view of the 

low rate of climb at the service ceil~ng. 

Example 3 

An important airworthiness requirement for civil 

aircraft is the so-called second-segment climb gra-
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dient, laid down for example in FAR 25.121 (b). It 

states that with one engine inoperative, flaps in 

takeoff position, landing gear retracted, engines 

in the takeoff rating and out of ground effect, a 

specified minimum climb gradient is to be obtained 

at the takeoff safety speed v2 • This requirement 

must be met for all operational ambient conditions 

and may, especially on hot and high airfields, limit 

the authorized takeoff weight. 

In the case of a subsonic passenger transport e

quipped with 3 engines, for example, the required 

climb gradient is 2. 7%. The ambient condit.ions are: 

sea level, temperature 95 F (i.e. 35 C, ISA + 20 C). 

Other data: 

wto= 2~0,000 lb (95,000 kg), s ~ 2,060 sq.ft 

(192 m ) ; V2 ~ 1.2 Vs with CL-max = 2.40 for the 

takeoff. Aspect rat:io: A= 7.5; Section 5.3.5. is 

used to estimate the lift/drag ratio in symmetrical 
2 flight with flaps deflected at CL = CL -max/ ( 1. 2) 

1.67. 

We find: C0 /CL = .094 for a slatted wing, hence 

C0 /CL = .10, assuming an increment of 5% for drag 

due to engine failure. The Mach number at v2 is: 

From eq. 5-51 we now find: T/W = .027 + .10 .127 

for two engines operating at M = .2 and 95 F (35 C). 

For a thrust lapse rate of .75, including the effect 

of non-standard temperature, the total takeoff 

thrust {SLS, ISA) must be at least: 

N 

Tto/Wto = N ~1 
e 

T/W 
T/Tto = .254 

For Wto ~ 210,000 lb (95,000 kg), the thrust per 

engine must be at least 17,780 lb {8,054 kg). 

Example 4 

Light aircraft with W < 6,000 lb (2720 kg) must 

comply with the requirement FAR 23.67. With takeoff 

power at sea level, undercarriage down an? flaps in 

the takeoff position: 

C ~ 300 ft/min, or c/a • .0045 

and 

c • 11.5 v8 ft/min; 

where v5 = ~qui valent stalling speed (knots). 
1 

The first requirement can be substituted directly 

into eq. 5-67. The second can be evaluated as follows: 



(5-69) 

By way of example, the following data may be applied 

to a light airc~aft: wto = 3,300 lb (1,500 kg); s = 

130 sq.ft (12m), hence wt0 /(p0 S) = .0121; CL 

1.8; ~Ae = 15.3 and c0 = .055 with flaps de- max 

fleeted and undercarrigge down. Effective propeller 

efficiency: np = .65. Substitution of C/a ~ .0045 

into eq. 5-67 yields: Pt0 /a0 Wto ) .0305, while eq. 

5-69 yields Pt0 /a0 Wto ;, .0408. The latter being the 

most critical requirement, it is concluded that Pto 

must be at least 275 hp. 

d. Design data. 

If no better information is available, the 

following data may be useful in working out 

climb performance requirements. 

Propeller efficiency during climb at sea 

level: 

tractor propeller in fuselage nose, 

fixed pitch : np = .61 (~ .052) 

constant speed: np .665 (~ .059) 

tractor propellers, wing-mounted, 

constant speed: np = .73 (~ .058) 
These data were found by application of the 

present method to the performance data of a 

large number of aircraft. The second number 

gives the rms error. All figures include 

slipstream effects, cooling drag, power off

takes and intake losses. 

For the effect of engine failure on drag, 

4% may be added to c0 for the drag of 
feathering propellers?while the Oswald fac

tor may be reduced by approximately 10% for 
wing-mounted engines. 

The airplane drag polar may be estimated by 

the method explained in Section 5. 3. For the 

effect of undercarriage extension, it is 

reasonable to take 6C0 = .015 to .020 as a 
typical value. It shou~d be noted that in 
most equations for climb performance small 

variations in c0 are of minor importance, 

unless the flaps 0 are deflected. Hence, it 

may be assumed that the drag due to power

plant installation adds roughly 8% to c 0 
on turbine-powered aircraft and 12% with0 

piston engines. 

The engine thrust or power lapse rate may 

be determined from engine manufacturer's 

brochures. For jet engines the effect of M 

on the thrust is important, while lapse 

rates are very sensitive to the bypass ra

tio as well. Curves of T/oTto vs. M may 
serve the purpose. An example is shown in 

Fig. 6-3. In the case of turboprop engines 

the shaft power increases noticeably with 

M due to the ram effect, unless there is a 

structural or thermal engine limitation up 

to some specified altitude. If this is not 

the case, the following approximation may 

be used for a given rating and Mach number: 

power at altitude = 0 n 
power at sea level (5-70) 

where n is generally between .7 and .8. 

For naturally aspirated piston engines at 

constant rpm: 

full throttle power at altitude 
full throttle power at sea level= 

= 1.1320 - .132 (5-71) 

Supercharged engines maintain constantpowe1 

up to the rated altitude. Above this the 

power decreases linearly with a in the same 
way as in eq. 5-71. With many supercharged 

engines a cruising power of 65% to 75% of 

rated power can be maintained up to the 

cruising altitude. 

5.4.4. Stalling and minimum flight speeds 

In establishing low speed performance, op

erational flight speeds must have aspecified 

safety margin relative to the stallingspeed, 
in order to provide the pilot with some 

measure of freedom to maneuver and in order 

to avoid stalling due to vertical gusts. 

The required field length being roughly 

proportional to the kinetic energy at the 
screen height, and hence to (velocity) 2 , a 

low stalling speed provides a powerfulmeth

od of obtaining good field performance. 

On the other hand, a decrease in stalling 

speed generally entails a cost penalty as· 

a more sophisticated flap system must be 

developed or the wing loading decreased, or 
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Fig . 5-15. Time history of the 

airspeed during a stall maneu

ver 

Fig. 5-16. Phases during the takeoff with engine failure 

both. 

With regard to the definition of stalli ng 

speeds, reference is made to Fig. 5-15, 

which depicts a time history of the air

speed during a stalling maneuver. In prin

ciple, several flight procedures can be 

chosen for this - for .e xample, flight at 

constant longitudinal deceleration, con

stant flight path angle (or horizontal 

flight) or constant no rmal acceleration. 

The FAR certification procedure is a stall 

maneuver at constant dV/ dt. Several tests 

are carried out at different values o f 

dV/dt and the stalling speed is defined by 

interpolation at dV/dt = -1 kt / s. 

In approaching the s tall , the nor mal load 
factor initially remains approximately con

stant until a break occurs , indicating that 

wing stalling is progressing rapidly. The 

corresponding airspeed is referred t o as 

the 1-g stalling speed or g-break s talling 

speed v 5_ 1g. Imme diately after the g-break 

t h e airspeed continue v 5 to decrease, a nd the 

sink speed increases rapidly until thepi l ot 

takes corrective action by p i tching down the 

nose, resulting in a positive dV/dt. The 

minimum airspeed measured in this procedure, 

v 5 , is noticeably l ower than v 5 _ 1g. The FAR-

25 regulations allow v5 to be used in sched

uling various reference speeds f or defini
tion of t he performance, whereas the British 

requirements do not allow the stal l ingspeed 

to b e l ess than 94% of v 5_ 1g 
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In view of this reasoning, it must be noted 

that a definition of CL-max according to 

(5-70) 

does not result in a "physical " CL-max as 

obtained in the wind tunnel , but produces a 

value which may be some 10 to 20% higher. 

Alternatively, when c alculating the stall

ing s peed f rom CL-max obtained by theoret

ical methods o r wind tunnel experiments, it 

is generally appropriate to assume an ap

parent CL-max increme nt of, say, 13%. All 

va lues of CL-max ment ioned in the following 

sections are corrected in this manne r . 

Occasionally a limit i s imposed on the s talling 

speed and the correspo ndi ng wing loading is limited 

(5-71) 

For example , in the BCAR requirement Ch. 02-11, an 

upper limit applies to the stalling speed: 

70 mph (11 2 . 5 kmh) - group C 

60 mph ( 96 . 5 kmh) - group D 

These values can be substituted into eq . 5-71 to 

find a l imiting wing loading f o r t hese classes of 

aircraft . The reader s hould also ref er to· FAR 23 . 49 

(b) for ai rcraft with a takeoff weight of 6 , 000 lb 

( 2720 kg) or less. 



5.4.5. Takeoff section are intended to serve as a first 

approximation of field length for the pur-

The following cases are distinguished: pose of sizing the engine thrust or power 

a. All-engine takeoff distance requirements and wing design. They can be refined if 

b. one-engine-out takeoff distance require- more detailed information is available to 

ments the designer; an example is given in Appen-

c. Accelerate-stop distance requirements dix K. 

For aircraft to be certificated under the 

FAR Part 23 regulations, no explicit re- a. All-engines takeoff. 

quirements need to be met with regard to Since the takeoff consists of a takeoff run 

the event of engine failure during takeoff. and an airborne phase, we may write: 

The all-engine takeoff distance applies to 

airplanes with a takeoff weight of 6,000 lb Sto 

(2720 kg) or more and is generally defined 

(5-72) 

as the distance required to pass the screen 

height of 50 ft (15.3 m) at a speed of 1.3 

v5 . For a particular class of aircraft op

erating under the FAR Part 135 operational 

rules, the FAR Part 23 performance stand

ards are considered to be inadequate. The 

performance standards laid down in SFAR 23 

and NRPM 68-37 are intended as intermediate 

steps towards improving safety in the op

eration of small passenger airplanes and 

air taxis capable of carrying more than 10 

persons (Ref. 5-22). Accelerate-stop dis

tances are introduced in these require

ments. Under SFAR 23 this is the distance 

required to accelerate to the critical en

gine-failure speed v1 and then to deceler

ate to 35 knots, while NRPM 68-37 covers 

the distance needed to come to a full stop. 

These regulations contain no specifications 

for a one-engine inoperative takeoff dis

tance. 

The takeoff performance of transport cat

egory airplanes ·is a fairly complicated 

matter, which is dealt with in more detail 

in Appendix K. It is generally found that 

the most critical item of performance is 

determined by the case of a one-engine-out 

takeoff. The condition that the airplane 

must be brought to standstill after engine 

failure at the critical engine failure 

speed leads to the concept of the Balanced 

Field Length (BFL), which is usually con

sidered as the most important design cri

terion as far as field performance of 

transport category aircraft is concerned. 

The simplified methods presented in this 

The expression for Srun is 

1 
2g 

0 

where the momentary acceleration, 

a;g 

can be approximated by 

2 

5 run 
VLOF / 2g 

T/Wto-lJ' 

(5-73) 

(5-74) 

(5-75) 

where T is a mean value of the thrust during 

the takeoff run. Assuming the lift-offspeed 

to be approximately 1.2 v5 and the lift co

efficient during the takeoff run to be equal 

to twice the value for minimum (CD-)JCL)' it 

is found that 

T = thrust at VLOF/12 

1J 11Ae (5-76) 

1J' = 1J + .72 CD /CL 
o max 

Assuming an air maneuver after lift-off 

with CL = CL-LOF = constant and T-D = con

stant, the following result can be derived 

from the AGARD Flight Test Manual, Vol. 1: 

2 
VLOF + hto 

(5-77) 
g/2 

and 
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(5-78) 

where yLOF = (T-D)/W at liftoff and v3 = 
velocity at the takeoff height (30 or 50 
ft). 

The liftoff speed corresponding to a given 
v 3 is: 

(5-79) 

From eqs. 5-75, 5-76 and 5-79 the takeoff 
distance is now: 

+ _1_ 

YLOF 

Regula-
tions 

(S)FAR 

FAR 

23 

25 

V3/VS 

1.3 

1. 25 to 1. 30 
(no require-
ment) 

(5-80) 

ftc hto 

1.0 50 ft (15. 3m) 
1.15 35 ft (10. 7 m) 

Table 5-2. CharacLeristic values for the 
all-engines takeoff according to FAR 23 and 
25. 

In the absence of better information, the followi11g 

assumptions and approximations may be made in appLy

ing eq. 5-80. 

1. In calculating ll' according to eq. 5-76, it is 

reasonable to assume: . 72 c 0 /CL = .010 CL 
o max max 

J..1 = • 02 for concrete and 1.1 = • 04 - . 05 for short 

grass. 

2 T • 3 
. YLOF = .9 Wto - /A 

3. The mean thrust/weight ratio at mean velocity 

VLOF//2, allowing fOr slipstream effects and power 
off takes, is as follows: 

jet aircraft: 

5 + A 
• 75 4+");" Tto (5-81) 

aircraft with constant speed propellers: 

(
ON 02)1/3 

T=k P ~ 
p to P 

to 
(5-82) 

168 

where P I (N D 2 ) is the propeller disc loading; to e p 
see Fig. 6-9, for example. 

k = 5. 75 when T is in lb, Pto in hp, D in ft p p 
k = • 321 when T is in kg, Pto in kgm/s, D in m. p p 
For fixed-pitch propellers the mean thrust is 

roughly 15-20% below the value given by eq. 5-82. 

From eq. 5-77 it follows that for a speci
fied takeoff distance,. the wing loading is 
limited to: 

w 
_!:£' s Is h j P g cL (l+YLOF 12> to to max r---y- -1 

to LOF (V3/VS)2 {(T/Wto-JJ') +12} 

(5-83) 

b. Takeoff with engine failure and acceler
ate-stop distance. 
A critical decision speed v1 is defined so 
that, with a single engine failure, the to
tal accelerate-stop distance required be
comes identical with the total takeoff dis
tance to reach screen height safely. A 
simple analytical method for determining 
the BFL in the preliminary design stage, 
devised by the author and presented in Ref. 
5-27, will be sUmmarized below. 

As opposed to the usual subdivision (take
.off run to liftoff, transition and climb 
distance), the continued takeoff is split 
up into 2 phases (Fig. 5-16): 
-Phase 0-1: acceleration from standstill 
to engine failure speed Vx' 
-Phase 1-2: the motion after engine fail
ure, up to the moment of attaining the 
screen height at takeoff safety speed v2 • 
The distance travelled during phase 0-1 is: 

v 2 
__ x_ 

(5-84) 

where a 0_1 is calculated in the same way as 
for the all-engines takeoff. 
The energy equation is applied to phase 1-2 
(Fig. 5-16), resulting in 

( v 2_v 2 
1 2 X ) 5 1-2 = ~ ---2--g-- + hto 
y 

(5-85) 

where the equivalent climb gradient y is 
defined as follows: 



2 

1/ (T-Dair-Dg)ds 

wto 8 1-2 
(5-86) 

The distance required to come to a stand

still after engine failure can be repre

sentEd by: 

(5-87) 

where ~t is referred to as an equivalent 

inertia time, affected in principle by the 

thrust/weight.ratio at Vx (Fig. K-6). The 

condition for balancing the field length 

is s 1_ 2 = sstop and Ref. 5-27 gives the 

following expression for the critical en

gine failure speed v 1 : 

vl = ll+2g hto/V2 21 ~ - y g(H-l) (5-88) 
v2 l+y/(a/glstop v2 

The condition that \'1 < VR must be sRtis

fied. To check this, a more detailed anal

ysis of the rotation and flare maneuver is 

necessary (Appendix K) . In the case that 

v 1 = VR, the field length is generally no 

longer balanced. 

Combination of eqs. 5-d4 through 5-88 re

sults in the expression 

BFL = v/ I 1 + 1 I· 
2gll+y/(a/glstopl (a/glo-1 (a/glstop 

(5-89) 

In this expression the inertia distance 

~sto may be assumed equal to 655 ft (200 m) 

for ~t = 4~ seconds, a value derived for 

typical combinations Qf wing and thrust 

(power) loadings. This result is valid for 

both propeller and jet aircraft. 

To make eq. 5-89 readily applicable for preliminary 

design, some further simplifications can be intro

duced. 

1. On the basis of several realistic assumptions 

regarding undercarriage drag, ground effect, etc., 

it was found (cf. Ref. 5-27) that the following ap-

proxima tion can be made : 

(5-90) 

where 8y 2 is the difference between the second seg

ment climb gradient y 2 and the minimum value of y 2 

permitted by the airworthiness regulations. 

2. An average value of ;:stop • 37g has been found 

from application of the method to 15 jet transports, 

although with optimum brake pressure control, lift 

dumpers and nosewheel braking, decelerations as high 

as . 45g to . 55g can be achieved on dry concrete. For 

very high decelerations the balancing condition may 

not be satisfied. 

Using these simplifications, we find the following 

expression: 

BFL = .863 
1+2.3 ~y2 

~s 
to +--

ro 
where 

( wto/S ) 
---+h 
p g CL to 

2 

(5-91) 

hto = 35 ft (10. 7 m) and ~sto = 655 ft (200 m) 

)J' .010 CL + .02 for flaps in takeoff position 

CL
2 

= CL at V~xnormally v 2 =1.2 •s• hence cL
2

=.694x 

CL-max 

T = mean thrust for the takeoff run, given by eqs. 

5-81 and 5-82 

~y 2 = y2 - y 2 . 
m1n 

y 2 is the second segment climb gradient calculated 

from eq. 5-51 at airfield altitude, one engine out 

(cf. example 3 of Section 5."4. 3) 

y 2 . = .024, .027 or .030 for Ne= 2,3 or 4 respec
m1n 

tively. 

For project desiqn, the case of 11y 2 = 0 presents 

most interest, as. the corresponding weight is lim

ited by the second seqment climb requirement and the 

BFL is a maximum for the particular flap setting, 

disregarding the .case of overspeed (Appendix K) • 

Obviously, When ~y 2 e 0 is substituted into eq. 

5-91, the thrust/weight ratio must be chosen accord

ingly so that the thrust is ~ufficient to obtain 

y 2 = y 2min 

For a given BFL, eq. 5-91 may be used to find the 

following limitation to the wing loading: 
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5.4.6. Landing 

The landing is split up into two phases: 

the air distance from passing the screen 

to touchdown and the landing run from 

touchdow~ to standstill. The air distance 

can be derived from conservation of total 

energy: 

s . = al.r 
a td (

v 2 - v 2 ) 
y 2 g + hland (5-93) 

where y is the mean value of (D-T)/W. The 

length of the landing run from touchdown 

to standstill is: 

2 
vtd 

5 run (5-94) 
2 a 

where a is the mean deceleration, taking 

into account an equivalent inertia time, 
similar to the case of the accelerate-stop 

distance. Expressing the minimum speed in 

the stall in terms of the wing loading, the 

density and CL-max, and adding eqs. 5-93 

and 5-94, we may find: 

(5-95) 

The landing distance is affected by varia

tions in the touchdown speed which is 

largely dependent upon piloting technique. 

A reasonable estimate can be obtained by 

assuming that the landing flare is approxi

mately a circular arc, flown with a con

stant incremental load factor 6n. In tnat 

case it can be shown that a first-order ap

proximation for the touchdown speed is 

given by 

2 

1 - Xn 

Substitution into eq. (5-95) yields: 

S 1 Wland/S 
h land =:: + 1. 69 

land y hland P g CL 
max 
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(5-96) 

+ .i.f 6n (5-97) 

The approach speed has been assumed as 1.3 

v8 , in accordance with most airworthiness 

re~ulations. 

The following factors have an effect upon 

landing performance: 

a. The mean value of thrust minus drag. The 

initial value of y at the threshold is gen

erally .05 for transport category aircraft, 

corresponding to an approach angle of 3°. 

The final value is equal to c 0 ;cL in ground 

effect, the thrust being approximately zero 

at touchdown. It is difficult to calculate 

an accurate value of y, but an average of 

.10 may be taken as reasonable. The screen 

height is hland =50ft (15.3 m). 

b. The load factor increment during the 

flare is normally of the order of 6n = .10, 
although large variations can be observed, 

due to differences in atmospheric condi

tions, piloting technique and airplane 

response. 

c. The average deceleration during the land

ing run (a) is affected by the same factors 

as discussed with regard to the emergency 

distance in Section K-4 of Appendix K. 

For design purposes, the so-called arbi

trary landing distance is frequently used. 

This is established on a dry concrete run
way from which the required landing field 
length is found by multiplying by a factor 

fland = 5/3, according to FAR Part 91. In 
Fig. 5-17 the unfactored landing distance 

is plotted for actual aircraft and compared 

with eq. 5-97, in order to estimate typi

cal values for the mean deceleration. For 

pre-design purposes the following values 

may be assumed for a/g: 

.30 to .35 light aircraft, simple brakes, 

.35 to .45 turboprop aircraft, propeller 

reverse thrust inoperative, 

.40 to .50 jets with ground spoilers, anti

skid devices, speed brakes, 

.50 to .60 as above, with nosewheelbrakinq. 
The limiting wing loading for a given (fac

tored) field length can be approximated by 

using the mean values for y and 6n stated 
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investigation is a design study based on 

generalized calculation methods and sizing 

procedures, making it possible to vary 

configuration parameters and to quantify 

their effect on the design. The most rel-

.5 evant aircraft parameters to be studied are 
60 

40 

.6 
t 

1/g 

0o~---2~---4~--~6----~8----~10~~12 
Wland/S 

99Clmaxhlaftd 

Fig. 5-17. Statistical correlation of the 

unfactored landing distance 

previously: 

wland, ( sland _ 10) 
S fland bland 1.52 + 1.69 

a;g 
(5-98) 

For light aircraft the calculated or meas

ured landing distance is unfactored, i.e. 

fland = 1. 0 · 
According to eq. 5-98 the wing loading lim-

it is independent of the engine thrust, 

provided reverse thrust is not used. How

ever, the usable value of CL-max can be 
limited by climb requirements in the ap

proach or landing configuration. Provided 

the airplane polar is known, these limita

tions can be worked out in the same way as 

example 3 of Section 5.4.2. 

5.5. AIRCRAFT SYNTHESIS AND OPTIMIZATION 

From the previous chapters it will have 

become clear that the performance aims may 
be realized iD various ways, by choosing 

suitable combinations of wing loading, as

pect ratio and thrust loading. A frequently 

used systematic approach to this problemis 

the parametric investigation. A parametric 

mentioned in the introduction to Section 

5.4. Engine cycle parameters like design 
Turbine Entry Temperature, Overall Pres

sure Ratio and bypass ratio, may be sub

jected to parametric investigations in or
der to gain an insight into the most suit

able type of engine to be installed. As 

there are many types of parametric design 

studies, depending on the accuracy requirec 

and the phase of the design, some simpli

fied examples to demonstrate the principle 

will be given below. The list of references 

relating to this chapter contains a number 

of more complete studies. 

5.5.1. Purpose of parametric studies 

Parametric studies can be useful in many 

types of design problems, provided the de
sign criteria can be quantified in terms 

of minimum weight, cost and/or~noise fig
ures. However, in airplane design they re

quire a considerable amount of computation

al work, as all variations will have far

reaching consequences. For this reason, 

computerized design studies are increasing
ly becoming a prerequisite for advancedand 

complex aircraft. However, the system must 
be devised, monitored and utilized by ex

perienced designers in order to define the 

design problems and the interfaces between 

various technical disciplines in the design 

an essential for avoiding unrealistic re

sults. 

Although the optimum choice of aircraftde

sign parameters has been a major design 

problem since the early days of aviation, 

the generalized approaches described in 

the published literature are scanty and 

have a very limited validity due to the 

necessary simplifications and lack of flex

ibility. The following design goals can be 

achieved with a computerized system: 
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Fig. 5-18. Example of a generalized design procedure (Ref. 5-45, modified) 

a. Determination of combinations of param

eters, characterizing designs that satisfy 

specified operational requirements. 

b. Calculation of values for the configu

ration parameters already mentioned, re

sulting in the most favorable objective 

function, e.g. takeoff weight or operating 

costs. 

c. Sensitivity studies to assess the ef

fects of minor changes in the shape or ge

ometry, material properties, drag coeffi

cients, etc. 

d. Mission/performance analysis and trade

off studies to investigate the effect of 

variations in the performance requirements. 

e. The effect of certain technological 

constraints in terms of weight and cost 

penalties. It should be realized that the 

validity of computerized studies is deter

mined entirely by the accuracy of the in

put data and design methods available. In 

that respect they are no better than manu

al computations. However, improved data can 
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easily be incorporated in a computerized 

system. On the other hand, the ~esign of 

the program and evaluation of the output 

may be time-consuming and costly. 

5.5.2. Basic rules 

Variation of design parameters in effect 

means designing many aircraft layouts. It 

is therefore necessary to lay.down basic 

rules governing the design process foreach 

variant. A generalized procedure as de

picted in Fig. 5-18 will be explained. In

put data are performance criteria and tech

nological constraints. Performance data are 

generally mission data (payloa1 and range) 

and performance constraints (field length, 

approach speed) • Cruise performance may be 

considered as a constraint ~r as a fixed 

mission requirement, depending on the ap

plication. 

The first design step will be to generate 

initial configuration characteristics such 



as takeoff weight, wing loading andkhrust 

loading, on the basis of semi-sta;tistical 
formulas of the type presented in this 

chapter. ConfigUration and layout design 

activities generally refer to the work on 

the drawing board; for computerized design 

this must be translated into a mathematical 

procedure for defining the external geo

metry of the major aircraft components. 

This is a difficult part of the program and 

in many cases it will, for example, be ac

ceptable to use the geometry of a fuselage 

design generated outside the numerical 

program. 

The next step is to calculate groupweights 
and the empty weight, desirable loading 
center of gravity limits and empennage 

size*. Sufficient data are then available 

to calculate the maximum range for the de

sign payload and a conclusion can be drawn 

about whether the fuel weight is suffi

cient or not. In the first attempt, this 
will not be the case and the airplane is 
not balanced with respect to the all-up 
weight. The fuel and takeoff weights must 

be changed and the procedure repeated, un

til the design characteristics have con

verged sufficiently. Field performance and 

noise characteristics may now be calculated 

and if there is some deficiency, the wing 

size must be changed. Except in the case 

of a fixed engine, some scaling of the en
gine size may be feasible as well. The de

sign procedure is repeated again, until all 

performance requirements are met. The out

put is presented in the form of drawings, 

diagrams and characteristic data. Excellent 

examples of such a program are describedin 

Refs. 5-40, 5-43 and 5-45. 

Two comments must be made on the type of 

studies discussed. 

1. The prediction methods for weight and 

aerodynamic characteristics must not only 

be accurate in absolute values, but must 

also predict the effect of design changes 

accurately. More accurate data than those 

presented in this chapter are generally 

*These subjects will be dealt with in 

Chapter 8 

required. 

2. The evaluation of computer output is a 

time-consuming problem. The computer 

graphics facility is a useful tool here 

(cf. Ref. 5-41). 

5.5.3. Sizing the wing of a long-range 

passenger transport 

This section is concerned with investiga

ting the effect of wing area variation on 
the takeoff weight (Fig. 5-19) of a large, 

long-range passenger transport, equipped 

with turbofan engines with a total thrust 

of 176,000 lb (80, 000 kg) at St.S (ISA)I.~ 

The airplane will be designed to fly a 

payload of 126,000 lb (57,000 kg) over a 

range of 4,000 n.m. (7,400 km); M = .85 at 

35,000 ft (10,700 m). Fuel reserves must 

be available for two hours holding at 95% 

of (L/D)max' plus 5% tolerance on the total 
fuel weight. The field length is limited to 

3,000 m (10,000 ft) and 2,000 m (6,500 ft) 

for takeoff and landing respectively. For 

simplicity, climb performance requirements 
are summarized in. the condition that at 

85% of the ISA-SLS thrust the second seg

ment climb gradient (FAR 25.121 b) must be 

achieved. 
The all-up weight at takeoff is initially 

estimated at 705,000 lb (320,000 kg), with 

a wing area of 5,900 sq.ft (550m2). A sub

division is made as follows: 
a. A fixed weight of 390,000 lb (177,000 

kg) for the payload and payload service 

items, the fuselage group, the propulsion 

group, the undercarriage, fixed equipment 

and systems. 

b. A variable weight affected by the wing 

and tailplane size and fuel quantity re

quired. 

The wing plus tailplane structure weight 

is estimated after several iterations by 

a simple formula given in Fig. 5-19. Re

serve fuel for 2 hours holding is estimated 

as follows: 

(5-99) 

while 

173 



..... 
:a: 

" iii s: 
3 

2 

174 

.4 

.3 

4 ENGINES 
80,000 KGF 
THRUSTSLS 

400 

MAX. TAKEOFF 

WEIGHT 95000 KG 

600 
WING AREA - M2 

450 

1000 

TAKEOFF 

Fig. 5-19. Effect of wing area on 

the weight breakdown of a large 

passenger transport (project) 

Fig. 5-20. Wing loading 

vs. thrust loading dia-

500 / 550 KG/M 2 gram of the three-engine 

Wto $ airliner in Fig. 11-1 



(5-100) 

It is noted that c0 is a function of the 
wing area (cf. Sect~on 5.3.2.). Cruise fu

el is derived from the ·sr~guet equation: 

I M CL/CDI w /W = 1-exp - ---
f to R C /fa 

T 

(5-101) 

For an initial cruise altitude of 35,000 

ft (10,700 m) the dynamic pressure at 

M = .85 is 267 lb/ft2 (1,300 kg/m2 ). The 

effects of climb and descent, flying hor

izontally at constant engine rating, in

take losses, power offtakes and bleed air, 

etc., are summarized in an equivalent 
CT = .68, which is 10% above the unin

stalled CT. 

The wing loading for minimum thrust in 

cruising flight according to eq. 5-35 is 

108 lb/ft2 (525 kg/m2 ). According to Fig. 

5-19 this value is quite close to thewing 

loading for minimum all-up weight. 

The limitations to the takeoff weight 

corresponding to each performance require

ment can be found from the equations de

rived in the previous sections. For ex

ample, the condition that M = .85 must be 

achieved with max. cruise thrust can be 

con,erted into a limitation of the all-up 

weight, derived from eq. 5-32: 

~ 

W' ~ypM2 l11Ae S (~-CD s)/ (5-102) 
~ypM o 

Substitution of CD S according to the ex

pression in Fig. 5!?19 results in the weight 

limit indicated in this figure. Other 

boundaries are derived in the same way from 

the second segment climb requirement and 

the field length limitation. 

In addition, the wing must have sufficient 

volume to contain the fuel. It can be shown 

(Appendix B, Section B-3) that the maxi

mum wing tank volume is proportional to the 

thickness/chord ratio, the wing area 

squared and inversely proportional to the 

span. For a given aspect ratio and section 
shape it follows that s 312 is the factor of 

proportionality. The available tank volume 
restricts the fuel load and consequently 

the all-up weight. In the case of t/c = 10% 

(mean value) this requirement appears to 

set a lower limit to the wing area. If t/c 
is increased to 12%, to be achieved for 

the same M with advanced wing sections or 

more sweep, the tank volume is no longer 

the limiting factor. Another operational 

limit originates from the requirement that 

it must be possible to maneuver the air

plane at cruise altitude with n = 1.3 wit

hout entering the buffet condition* at an 

assumed conservative CL = .6 at M = .85. 

This leads to a maximum cruise lift coef

ficient of .462, or a wing loading limit of 

600 kg/m2 (123 lb/sq.ft). As in the pre
vious case this value can be improved by 

suitable wing design. 

The resulting diagram indicates a zone of 

acceptable combinations for S and Wto (ABC). 

In point A the takeoff weight is a minimum 
and for a long-range aircraft this is also 

an approximation for the condition of min

imum direct operating costs (d.o.c.). Point 

B results in the most favorable field per

formance, but decreased ride comfort and 

increased costs. Point C is the maximum 

range condition, provided the extra weight 

is converted into fuel. 

Additional factors in the final choice of 

the wing area will be discussed in Sect. 7.2. 

5.5.4. Wing loading and thrust (power) 

loading diagrams 

A convenient way of illustrating how the 

powerplant and wing size may be chosen is 

the wing loading vs thrust (power) loading 

diagram. An example is shown in Fig. 5-21, 

pertaining to the short haul passenger air

craft project (185 pax.), referred to in 

Fig. 1-5. Instead of the thrust loading we 

have used the T/W-ratio. 

Each point in the diagram in effect repre

sents a different airplane design, with 

different weight distribution. In the case 

of a constant design payload and range, 

*see Section 7.2.2. of Chapter 7 
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the fuel weight and takeoff weight are 

different for each combination. Alterna

tively, for a constant all-up weight and 

payload, the fuel weight and range vary 

with the empty weight. Lines of constant 

takeoff weight, constant range or constant 

d.o.c. can be plotted, using the design 

procedure described in Section 5.5.2. The 

diagram is then suitable for simplifying 

the final choice of wing size and engine 

thrust (power). In many cases, the trend 

is to take the highest practicable value 

of the wing loading and the minimum-size 

engine within· the region of' possible com
binations. 

Inspection of the performance equations 

derived in the previous sections reveals 

that in all formulas except c0 the wing 

area and engine thrust (power) 0 are com

bined with the weight*. The exception is 

eq. 5-13 for the zero-lift drag coeffi
cient. In a first-order analysis Fig. 5-20 

is therefore valid for different values of 

the takeoff weight, except the boundary 

derived from the high-speed performance 
requirement .. 

The following comments can be made on the 

limitations in the diagram: 
a. The max. cruise speed requirement 

(given M, given cruise altitude) limits 

the thrust loading to a value which ap

pears to be relatively insensitive to W/S. 

The wing loading for minimum T/W is 670 

kg/m2 (137.4 lb/sq.ft) but the gain inT/W 
for wing loadings above 500 kg/m2 (102.5 

lb/sq.ft) is small. 

b. The second segment climb requirement is 

derived from FAR Part 25.121, using eqs. 

5-51 and 5-29. The lift/drag ratio with 

flaps in the takeoff position (see Fig. 

5-9) and the thrust lapse rate with speed 

are assumed to be independent of the wing 
loading, but for large W/S variations this 

is no longer true. The required T/W is 

calculated for different values of CL-max, 

*Although in a more detailed analysis this 
is no longer true, the conclusion that one 

diagram can be used for different takeoff 

weights remains acceptable. 
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i.e. different flap deflections. 

c. The takeoff balanced field length of 
11 800 m(5,900 ft) is calculated according 

to eq. 5-91, to find a wing loading limi

tation for each CL-max. The intersections 

of these lines with those of the climb re
quirement define the limiting combinations 

of wing and thrust loading for variable 

(critical) flap settings. Calculation of 

the all-engine takeoff with eq. 5-80 in

dicates that this case is not critical for 

the case considered. 

d. The W/S limit for lana1ng was derived 

from eq. 5-98, assuming an average decel

eration of .38 g during the landing run. 

Although for the landing and approach con

ditions certain climb requirements must be 

met, it was found that these were not crit

ical and they have therefor been omitted 

from the diagram to improve its clarity. 

The actual choice of wing area and engine 

thrust is subject to several considera

tions outside the field of performance (cf. 

Chapters~ and 7). In the case of Fig. 5-20 

the available engine type resulted in a 

takeoff T/W ratio of .31 for the initially 

estimated takeoff weight of 95,000 kg 

(209,440 lb). A weight increase of 5% to 

100,000 kg (220,460 lb) is feasible for a 

constant wing loading of 490 kg/m2 ( 100 lb/ 

sq.ft) without running into a cruise speed 

limitation. The extra weight might be used 

in the form of fuel or payload, provided 
there is no space limitation. 

As already stated, the fuel weight and 

range for the different airplane designs, 

represented by Fig. 5-20, will vary as a 

consequence of fluctuations in empty 

weight. This makes an evaluation of the 

design parameters more difficult, in spite 

of the simplicity of the representation. 

The result of a more detailed design pro

cedure for a very large passenger transport 

is presented in Fig. 5-21. In this example 

the design payload and range are constant, 
and the weight distribution is calculated 

for each combination of wing loading and 
thrust loading, resulting in the indicated 
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lines of constant takeoff weight. The. min

imum all-up weight is achieved at the 

clearly impracticable wing loading of 1125 

kg/m2 (231 lb/sq.ft). The indicated design 

point is based on only two performance 

limitations, again for the sake of sim

plicity. The figure illustrates that de

creasing the wing loading to 700 kg/m2 

(144 lb/sq.ft) results in a weight penalty 

of 2,, provided the thrust is chosen near 

the value for minimum takeoff weight for 

specified wing loading. 

5.5.5. Optimization for low operating costs 

In the previous examples the takeoffweight 
was considered as an important factor in 
judging a preliminary design. For the air

line and the private user, however, the 

operating costs form a more relevant cri
terion. 

For design purposes, the total operating 

costs of an airplane are split up into di
rect operating"costs (d.o.c.), which are 

directly related to the operation of the 
aircraft, and indirect operating costs 

(i.o.c.), w~ich comprise general adminiS

trative costs and advertising costs, etc. 

A useful tool for categorizing the various 

d.o.c. factors is the ATA 1967 method for 

estimating the d.o.c., to which more at

tention will be paid in Section 11.8. 
The major difficulty in using the d.o.c. 
formula for optimization purposes is to 

generate realistic estimates of such data 
as aircraft initial costs and the precise 

effect of parameter variation. For example, 

when the effect of aspect ratio variation 

on costs is estimated from a typical value 
of airplane price per lb of empty weigh.t, 

the fact is ignored that systems, equip

ment and engines have a relatively higher 

price per lb than structural material. 

Cost aspects are involved in each design 

decision, and if definite answers could be 

given a discussion on economics would ap
pear in each section. Since this is obvi
ously impossible, the results of a typical 
d.o.c. optimization study are presented 

here instead. 
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InSect. 4.4. the importance of Turbine Entry 
Temperature, Overall Pressure Ratio and 

bypass ratio were discussed in the context 

of en~ine performance (specific fuel con

sumption1 specific thrust), weight and 

size. Using this type of data and the pro

cedure expla1ned in Section 5.5.2. as 

starting points, the effect of engine cy
cle variations on airplane drag andweight 

distribution can be investigated, taking 
into account installation effects. A num

ber of propulsion system optimization 

studies are mentioned in the list of ref

erences. Fig. 5-22 depicts the results of 

such a study for a jet-propelled cargo 
transport. Fig. 5-22a. refers to the case 

where the engines are sized for the spec

ified cruise speed and in Fig. 5-22b. en

gine size is determined by the length of 

the takeoff field length. Comparing these 

figures, it is found that for low bypass 

ratios the field length requirement is 

dominant, while for relatively high by-

pass ratios the cruise requirement deter

mines the size of the engines. The combi
nation of a. and b. is depicted in Fig. 

5-22c., where the critical performance 

criterion is given for each type of en

gine. The results of this kind of study 

are sensitive to the state of the art and 

disregard advances in engine development 
such as the three-shaft systems or geared

fan technology. Provided conclusions are 

drawn carefully, they give the airplane 
designer yet another tool to help him 

choose the right type of engine. In prac

tice, the decision will be biased by fac
tors like the prices of available (off

the-shelf) engines and project engine de

velopment schedules. 

5.5.6. Community noise considerations* 

The FAA noise certification criteria, laid 
down in FAR Part 36, are summarized in 

Fig. 5-23. Maximum fly-over noise levels 

are stipulated for takeoff at a point 3.5 

*Definitions of noise terminology is 

found in Ref. 5-50 
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Fig. 5-23. Noise certifi

cation according to the 

FAR 36 airworthiness reg

ulations 

n.m. from the start of the takeoff roll and 

for landing at a point 1 n.m. from the 

threshold. A limit is also imposed on the 

sideline noise, which is measured on a line 

to the side of, and parallel to, the run

way. The noise limits are compared with 

figures for some current airplane types. 

The basic methods of obtaining desirable 

noise levels were dealt with in Section 

4.4.3.: engine design, installation and 

noise attenuation (acoustic lining), gen-

eral arrangement of the airplane, perform

ance and special flight procedures. The 

performance aspects will be considered from 

two points of view. 

a. Aircraft with Short Take-Off and Landing 

(STOL) field lengths making steep gradient 

approaches may exhibit a considerable com

munity noise reduction in comparison to 

current conventional subsonic transports. 

However, the effects of reducing the field 

length on airplane configuration are far-
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reaching and generally a considerable di

rect operating cost penalty must be ex

pected. 

The present line of thought (cf. Ref. 5-55) 

tends to favour increased climb and de

scent angles, without necessarily aiming 

a~ very short field lengths. The result may 

be a relatively conventional airplane with 

Reduced Take-Off and Landing field lengths 

(RTOL) of the order of 3,000 to 5,000 ft 

(900 to 1500 m). 

b. Aircraft performance may be optimized 

so as to achieve minimum noise for a fixed 

field length requirement. As in the case 
of performance optimization, the wing 

loading, thrust (power) loading and aspect 

ratio can be varied. In general, an incre

ment in the aspect ratio decreases the 

drag and thrust level for a given airplane 

lift and therefore leads to a noise reduc

tion. On the other hand, an aspect ratio 

increment will lead to an empty weight in

crement and both landing and takeoff weight 

will be affected. The net result will gen

erally be a thrust .and noise increment. 

Similar arguments apply to the wingloadin~ 
For a given aircraft weight, a wingloading 
reduction results in increased climb angles 
after takeoff and decreased thrust level 

during approach. As against this, operation

al speeds are lower and noise exposure time 

increases. The increased all-up weight due 

to the increased wing area also tends to 
increase the thrust level. 

An example of the effect of wing loading 
and thrust loading on noise levels is pres
ented in a diagram similar to the one dis

cussed in Section 5.5.4.: Fig. 5-24. The 

relative reduction in EPNdB relative tothe 

FAR 36 requirement is shown for a specific 
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Fig. 5-24. Effect of wing loading and 

thrust/weight ratio on noise production 

(Ref. 5-43) 

design example. No standard calculation 

methods for this type of curve can be given 

here, but an example is presented in Ref. 
5-56. 

Various published studies convey the im
pression that, for a given field length, 

the effect of airframe design variables on 

community noise, particularly during the 
approach, is not impressive. The following 

conclusions relating to a medium-haul high

subsonic transport airplane are quoted from 

Ref. 5-51: 

1. An optimum airplane design based purely 

on performance criteria is also optimumfor 

minimum noise within 1 EPNdB, considering 

all three noise sources. 

2. Significant noise reductions can best be 
accomplished by designing the powerplant so 

as to permit adequate sound attenuation 
treatment. Regardless of weight and cost, 

the noise attenuation available by this 

method is limited to approximately 10 to 

12 EPNdB. 



Chapter 6. Choice of the engine and propeller and 
installation of the powerplant 

SUMMARY 

In this chapter it will be assumed that the total thrust (power) to be supplied by the 

engines is approximately known. The various considerations which govern the choice of 

the number and type of engines are discussed. A short survey is given of propeller coef

ficients, diagrams and methods for controlling the propeller blade angle. Methods are 

presented for choosing the diameter, shape and number of blades, and some attention is 

paid to the location and installation of propeller and jet engines, thrust reversers and 

Auxiliary Power Units. 
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NOMENCLATURE 

AF 

a 

h 

HSC 

LRC 
L 

M 

Mtip 
n 

p 

- Activity Factor of a propeller 
blade 

- speed of sound 

- number of propeller blades 
- chord of a propeller blade element 

- drag coefficient 

- integrated design lift coefficient 
of a propeller blade 

- design lift coefficient of a pro-
peller blade element 

- Power coefficient 

- Speed/Power coefficient 
- Thrust coefficient 

- propeller diameter; inlet diame-
ter; nacelle diameter 

- slipstream factor 
- drag area L(C0S) of all parts ex-

posed to the slipstream of one 
propeller 

- factor allowing for retardation 
of the propeller flow 

- high-speed cruise 

long-range cruise 

- nacelle length 

- Mach number 

- Mach number corresponding to Vtip 
- propeller speed (revolutions per 

second) 

probability of engine failure; en
gine shaft power transmitted to 
the propeller 
takeoff power of one engine 

- propeller radius; Reynolds number 

r - radial distance from the propeller 

axis of rotation 

6.1. INTRODUCTION 

In order to be able to choose the appro
priate type of engine, the total thrust 

(power) required must be known first, the 

deciding factor here being the specified 
performance. As explained in the previous 
chapter, the engine thrust (power) will 
also be affected up to a certain extent 

by the geometry and aerodynamic character-
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rpm 

T 

Teff 
TAF 
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w 
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z 

s.s.7o 
6.1s 
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n 
e 

p 

(J 

w 

- propeller speed (revolutions per 
minute) 

- area 
- cross-sectional area of the body 

in the slipstream of a propeller 
- thrust 

- effective propeller thrust 
- Total Activity Factor of a pro-

peller 

- flight speed 

- cruising speed 

- helical tip speed of the propeller 

blade 
- aircraft weight 
- fore-and-aft location of nacelle 

leading edge relative to the wing 

leading edge 

- vertical distance of thrust line 

to the chord 

- angle of attack of a propeller 
blade element 

-geometric pitch or blade angle 

(at 70 or 75% R) 

tilt-down angle of engine thrust 

line 

- engine scaling factor 

- propeller efficiency 
- relative ambient temperature (tem-

perature/ambient temperature at 
sea level ISA) 

- effective pitch angle; toe-in 
angle of nacelle 

- air density 

- relative air density (air densi-
ty/air density at sea level ISA) 

- rotational speed of propeller 

istics of the wing, which may possibly not 

yet have been finalized at the stage of 
the design when the engine type is chosen. 
If the number of engines has in fact been 

chosen, the approximate thrust (power) to 

be supplied per engine will alrea~y be 
known. Most designers will prefer) to choose 
an engine which has already been 'developed 
and tested, but in some cases the airplane 
design will be based on an engine project 



for which certain characteristics are 

still subject to variation. The choice is 

generally limited to only a few types and 

in some cases there may even be only one 

engine which is regarded as suitable. Air
craft design studies are sometimes intend

ed to investigate the possibilities of a 
new type of engine and that implies that 
there is no choice at all*. When two or 

more engine types are considered, an as

sessment may be made on the basis of a 

rough comparison of technological and e

conomical factors. If this comparisondoes 

not provide a cle.ar basis for choice, var

ious designs should be developed to the ex

tent that all the important consequences 

which the choice of engine has on the over

all design will be clearly shown. 

In the case of a propeller aircraft, the 

design of the propeller should fit both 
the engine characteristics and the per

formance of the aircraft. The optimum pro

peller must do full justice to the per

formance of the engine and for this reason 

a standard propeller is not used on high

performance aircraft. The geometry of the 

propeller is also important in view of the 

clearance between the propeller and the 

airframe or the ground. Jet aircraft offer 

a relatively high degree of freedom in the 

location of the engines. Although the fi
nal answer regarding the details of the 

location will have to come from aerodynamic 

research, even the preliminary design 

should already be aimed ~t achieving the 

right basic configuration . Although the 

thrust reversal system will generally not 
be designed by the aircraft manufacturer, 

its presence should be taken into account 

at an early stage. This also applies to 

the Auxiliary Power Unit (APU), which is 

generally used in modern transport air

craft. 

6.2 . CHOICE OF THE NUMBER OF ENGINES AND 

THE ENGINE TYPE 

*cf. also Section 6.2.3.: rubberizing of 

turbo engines 

6.2.1. Engine installation factors 

Several general aspects of engine location 

in relation to the number of engines were 

mentioned in Section 2.3. We shall now fo

cus our attention on several considera

tions on which the final choice of the 

number of engines will have ·to be based . 

Fig. 6-1 shows the values generally used 
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Fig. 6-1. Thrust loading, number of engines 
and takeoff field length required 

for the takeoff thrust/weight ratio in the 

case of civil jet aircraft. The length of 

the takeoff runway has proved to be the 

most useful parameter for comparison pur

poses. Takeoff performance will also be 

influenced by the wing loading, flap de

sign and, to a lesser degree, the bypass 

ratio. The shaded regions show the combi

nations of thrust loading and the number 

of engines usually employed for different 

design requirements as regards takeoff 

field length. It is also generally found 
that two engines are used for short-haul 

aircraft and three or four for medium and 

long ranges. However, it should be pointed 

out that Fig. 6-1 should not be regarded 

as in any way mandatory with regard to the 

choice of the number of engines. For pro

peller aircraft a simple correlation of the 

type shown in Fig. 6-1 is not readily ob

tainable. 

The limited availability of suitable engine types 

may sometimes be a decisive factor, forcing the de

signer to choose an aircraft configuration which is 
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possibly not ideal. In such a case it will be 

worthwhile to consider a variant based on a hypo

thetical engine, delivering a thrust in the desired 

order of magnitude. A comparative study of both 

versions provides a good indication of the price 

that will have to be paid for the choice one is 

"forced" to make. 

Mounting four jet engines on the wing gen

erally presents minor problems. The engines 

are relatively small in diameter, so that 

the length of the landing gear will be cor

respondingly limited, even in the case of 

bypass ratios of about six. There is some 

freedom with regard to the lateral loca

tion of the engines, enabling the designer 

to reach a satisfactory compromise with re-: 

spect to the weight of the wing struct·~re, 

the size of the vertical tail and the lo

cation of the centre of gravity. This con

figuration makes it possible to achieve a 

low empty weight. 

When three engines are used, there is al
ways the problem of installing the third 

engine, for this will have to be placed in 

the plane of symmetry (cf. Section 2.3.2. 

and Fig. 2-17). Whichever location is 

chosen, it is almost certain that the 

weight penalty caused by installing the 

central engine will be increased relative 

to that of the other two engines. 

If only two engines are installed the fan 

diameter will be relatively large, and in 

order to avoid a high landing gear, loca

tion on the rear of the fuselage may be 

worth investigating. If this is not a fa

vorable location, a high wing may solve the 

problem of engine-to-ground clearance, 

though this will result in increased struc

tural weight. 

6.2.2. Engine failure 

a. Probability of engine failure. 

Although the modern turbine engine is very 

reliable, the possibility of an engine mal

function must never be ignored. In unfavor
able circumstances the engine may have to 

be stopped or may be unable to operate. 

This will not only lead to a conside~able 
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decrement in thrust, but also to yawing 

and rolling moments, as well as extra drag. 

of the nacelle of the dead engine and drag 

resulting from the asymmetrical flightcon

dition. The airworthiness authorities have 

therefore laid down a number of airwor

thiness criteria relating to takeoffspeeds 

takeoff distances, climb performance, etc., 

which must be met when engine failure has 

occurred. In addition, regulations also 

require that the aircraft should be capa

ble of being stopped safely if failure oc

curs below the decision speed v 1 • Although 

only 50 percent of the thrust will be a

vailable after failure of one engine out 

of two, the airplane must be designed to 

provide an acceptable level of safety. If 

the probability of malfunction per flying 

hour is taken as P, then the probability 

that no malfunction will occur will be 1-P. 

Since P is extremely small in relation to 1 

- the order of magnitude comes to .5x10- 3 

to 10- 4 - an approximation may be intro
duced for aircraft with two, three and 

four engines, resulting in the figures in 

Table 6-1. 

Probability of engine failure 

(per flying hour) 

Failure of 1 2 3 
engine engines engines 

twin-engine 

aircraft 2P p2 -
three-engine 

aircraft 3P 3P2 p3 

four-engine 

aircraft 4P 6P 2 4P 3 

Table 6-1. Probability of engine failure 
related to the number of engines. 

Table 6-1 shows that during a given peri
od of time, the probability of malfunction 

in one engine is twice as great in t.he cas• 

of a four-engined aircraft as in the case 

of a twin-engined aircraft, and the iike

lihood that two engines may fail is even 

six times as great. Although engine mal

function in itself need not have fatal con 



sequences, failure of both engines in a 

twin-engined aircraft will obviously be 

extremely critical. However, the relia

bility of today's engines is such that a 

probability of P 2 may be practically ig

nored for a short time period such as the 

takeoff phase and the safety level of a 

twin-engined passenger aircraft is now 

generally considered to be acceptable for 

passenger transports which are not intend

ed for extended overwater flights. On the 
other hand, 6P 2 is not a negligible quan

tity and this is why a four-engined air

craft must meet certain requirements re

garding performance and flying character

istics with two engines inoperative in the 

en route configuration. The three-engined 

aircraft is an intermediate case. If two 

engines should fail, say during a trans

atlantic flight, the DC-10 will be able to 

continue on one engine by flying low and 

dumping fuel. Failure of two engines out 

of three or four during takeoff is ex

tremely unlikely and need not be consider

ed, provided the failure of any one engine 

does not entail a situation in which a 

second engine is likely to fail. 

b. Engine failure during or shortly after 

takeoff. 

Under these circumstances, a transport air

craft should always have a sufficiently 

large reserve of thrust to enable it to 

continue the takeoff safely, and for this 

reason it must be equipped with at least 

two engines. 

The requirements for small aircraft (FAR 

Part 2 3) are less severe. Although the air

craft should remain controllable in case 

of failure, no requirements are laid down 

for its performance during takeoff. Safety 

is ensured by allowing for a generous mar

gin in the takeoff safety speed. There are 

requirements with regard to climb perform

ance, but aircraft with a marginal per

formance do not have to comply with these, 

provided the stalling speed does not ex

ceed 61 knots (113 km/hl; see FAR Part 

23.67 and Section 5.4.3. of this textbook. 

c. Engine failure during cruising flight. 

This case may lead to a forced descent to 

a lower altitude, which will depend on .the 

thrust still available. In the case of 

three- and four-engined aircraft the serv

ice ceiling after engine fa.ilure will be 

adequate, so that mountains can be crossed 

with a wide margin. This is not always the 

case with twin-engined aircraft and the 

route to be flown will be the main factor 

in determining whether a service ceiling 
of, say, 12,000 feet (3600 m) would still 

be acceptable. During development of the 

Lockheed L-101: and the Douglas DC-10 Tri

jets, this consideration contributed to 

the choice of the three-engined layout. 

Fig. 6-2 shows the influence of the alti-

ENGINE OUT 
ALTITUDE 
CAPABILITY 

2 3 
NUMBER OF ENGINES 

Fig. 6-2. Direct operating costs and num

ber of engines (Ref. SAE Paper No. 710423) 

tude requirement on the direct operating 

costs of an aircraft project. When a cruis

ing level of 15,000 ft (4575 m) after en

gine failure is stipulated, the thrust will 

have to be adapted accordingly. In that 

case the difference in direct operating 

costs (d.o.c.) for all versions is very 

small. However, when the acceptable limit 

is put at 12,000 ft (3660 m), the choice 

of the engines will be based on other cri

teria and the initial engine costs will be 

reduced, resulting in lower depreciation. 

Twin-engined aircraft may not be operated 

on routes where more than one hour's fly

ing from an airport would be involved at 
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any point. This implies that a twin-engined engines which are still in the project 
aircraft cannot be considered for extended phase. This, in turn, may imply that the 
overwater flights. size has not yet been frozen. In order to 

adjust the thrust level desired to the 
d. Flying qualities after engine failure. 

In the case of failure of a wing-mounted 

engine, a yawing moment of such magnitude 

will be created that the area of the fin 

and rudder will have to be largely de

signed to cope with it. This will be dis

cussed more fully in Chapter 9. 

6.2.3. Engine performance and weight var

iations 

a. Engine thrust (power) growth. 

Transport aircraft shows a steady rise in 

capacity, both during the development and 

production phase and after delivery. Air

craft growth is frequently made possible 

by engine growth, for which the thrust or 

power rises considerably in the course of 

time. To cite an example: the Turbomeca 

Astazou turboprop engine started life with 

a power rating of 562 ESHP in 1963, while 
one of the most recent versions, the 
Astazou XX, has a takeoff power of as much 

as 1442 ESHP. In addition, the specific 

fuel consumption has gone down slightly. 

Some aspects of boosting the performance 

of piston engines have been dealt with in 

Section 4. 2. 2. For gas turbines the growth 

is obtained by raising the Turbine Entry 

Temperature, improving cycle efficiencies, 

increasing the diameter of the air intake 

and sometimes by increasing the Overall 

Pressure Ratio. None of these leads toany 

appreciable increase in engine weight, if 

anything, they result in a considerable 

specific airplane project application, the 

engine geometry may be scaled up or down 

identically, without changing the major 

thermodynamic characteristics like design 

Turbine Entry Temperature and OverallPres

sure Ratio. This technique is referred to 

as "rubberizing" the engine for a constant 

technology. 

When the size of engine components is in

creased, various cycle efficiencies will 

improve slightly as a result of the in

creased Reynolds number. Provided the 

thrust (power) variation is of the order 

of, say, 10 to 20 percent, the influence 

of rubberizing on specific thrust and spe

cific fuel consumption is hardly noticeable 

and is frequently ignored. The growth of 

engine weight with size is much more dif

ficult to assess. If the well-known square

cube law held good for the turbojet, we 

would find that an inlet diameter growth 

with a factor A would entail growth factors 
A2 for the airflow and thrust and A3 for 

engine mass. As a consequence, the engine 

weight would be proportional to T 1 • 5 and 

the specific engine weight would vary in 

proportion to T' 5 . However, a more detailed 

1.6 ,....------.-------~------., 

1.4 

1.2 

"' 0 
>
u 
~ 

decrease in specific weight. In the case 1.01-------31111!~-------------i 

of propeller aircraft, it is recommended 

that this growth element be anticipated 

by making allowances for it in propeller 

design and location so as to ensure effi

cient absorption of the increased power. 

b. Rubberizing of turbo engines. 

Engine development is usually a long-term 

process, but as against this the airplane 

designer may sometimes have to consider 
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.6 .8 1.0 1.2 1.4 1.6 

a. Rubberizing effects for a turbojet aircraft 

(example) 

Fig. 6-3. Engine scaling effects 

1.8 



breakdown of the engine weight into compo

nent weights shows that in actual practice 

the growth of weight with size is consid

erably overestimated by the square-cube 

law (e.g. Refs. 6-4 and 6-5). A more real

istic relationship is therefore: 

engine weight ~ (thrust)n (6-1) 

in which n has a typical value of 1.07 to 

1.14. The example in Fig. 6-3a shows that 

one should also be aware of the change in 

engine rotational speed. Reasoning .on the 

basis of the theoretical result of square

cube law, or the more moderate sensitivity 

given by (6-1), it may be concluded that 

from the point of view of minimum engine 

weight it would be advantageous to generate 

a specified total thrust with a large num

ber of small engines instead of a small 

number of larger engines, but the advantage 

in installed engine weight is then much 

less or may even disappear. Moreover, if 

real engines of different thrust level are 

compared (Table 6-2), a systematic trend 

NCJI'E 

1. The following ratings apply to 

Sea Level ISA conditions: 

I: Maximum takeoff 

II: Maximum continuous 

tii: Maximum recommended climb 

IV: Maximum recommended cruise 

2. The subscript "to" refers to 

Sea Level static takeoff condi

tions 

b. Non-dimensional presentation of 

engine performance of a low-bypass 

jet engine 

Fig. 6-3. (continued) 

cannot be observed in the specific weight 

for various sizes. It is therefore justifi

able to conclude that in practice the num

ber of engines to be chosen cannot be based 

on simplified theoretical considerations. 
There is no clear evidence to show that the cost 

of engines on a basis of dollars per pound of 

thrust is significantly affected by the number of 

engines required to develop that thrust. Although 

for a given number of engines to be produced the 

engine costs per lb of thrust {or per hp) will de

crease with increasing engine size, this effect is 

compensated for by the fact that the smaller en

gine will probably be produced in larger numbers, 

resulting in lower development and production costs 

per engine. 

6.2.4. Choice of the engine type 

After preliminary performance calculations 

have been carried out and the number of en

gines has been decided upon, the thrust 

(power) per engine will be roughly known. 

The choice between engines satisfying the 

requirements as regards required thrust 
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(power) , fuel consumption and noise pro

duction, etc., is usually very limited. 
Table 6-2 presents a survey of the most 
important characteristics of some types of 

engines. 

Engines, like aircraft, are subjected to 

extensive airworthiness tests, cf. for in

stance ICAO Circular 51-AN/4612. The de

signer must consider whether the engine 

chosen has been designed for civil or mil

itary use, when testing and certification 

are planned, which regulations will apply, 

and so on. To ensure smooth progress of 

the aircraft project, it is desirable to 

use an engine which is sufficiently far 
developed; there is generally a preference 

for a type which has already been built and 

tested (off-the-shelve engines). 

Even a preliminary design requires a com
plete engine type specification or bro

chure, which should preferably contain at 
least the following data: 

- limits regarding the engine output (rat

ings) and the operational conditions (tem

peratures, altitudes, speeds), 

- thrust and fuel consumption for various 

engine ratings_, altitude and airspeed, 

- influence of airbleed and power off-take 

on engine performance, 

- installation data: weight, dimensions, 

location of centrn of gravity, 

- noise levels, particularly for civil jet 

aircraft. 

Engine performance is sometimes presented 
in the form of non-dimensional curves; an 
example is given in Fig. 6-3b. These curves 

not only represent the thrust lapse with 

altitude, airspeed and engine rating, but 

may also be used for the purpose of rubber

izing the engine. 

The choice of the engine and the design of the air

craft are so closely interrelated that it is diffi

cult to make an appropriate choice. The designer 

may obtain a fair picture by an overall comparison 

of specific fuel consumption, thrust variation with 

altitude, specific weight and dimensions, engine 

configuration, initial cost and average time be

tween major overhauls, etc. Sometimes an important 

part is played by contacts with the engine manu

facturer, or economic and political factors affect-

190 

ing aviation. The survey of engine technology in 

Chapter 4 may possibly help the designer to make 

up his mind. 

Summing up the arguments in the previous 

sections we may conclude that: 

a. the number of engines may be decided 

entirely by the limited choice from com

petitive types of power plant; 

b. the minimum number of engines with which 

the specified performance can be obtained 

will, as a rule, also be the most favorable 

number; 

c. three-engined aircraft will be at a 

slight disadvantage technically as compared 

with four-engined aircraft; 

d. a design study can only be started when 

sufficiently detailed engine performance 

and installation data are known. 
The best engine for a particular applica

tion can only be arrived at by long and 
close collaboration between aircraft and 

engine designers. 

6.3. CHARACTERISTICS, CHOICE AND INSTALLA

TION OF PROPELLERS 

6.3.1. General aspects 

The design and production of modern pro
pellers is so specialized in nature that 

there are only a few manufacturers in this 
field. The aircraft designer draws up the 
propeller specification and has a numberof 
possibilities to choose from. He should be 

aware of: 

the airplane's performance 

the engine characteristics and engine 

control 

propeller noise and vibrations 

- the installed weight of the propellers 

- the influence of the propellers on fly-

ing qualities 

- the structural limits imposed by the lay

out of the aircraft. 
In the preliminary design stage the choice 

of the propeller is mainly associated with 

the following characteristics: 

a. The blade angle control system: fixed or 



constant speed propeller, 8-control, etc. 

b. The blade shape: the planform of the 

blades, aerofoil shape and, incidentally, 

the twist along the blade 

c. The number of blades per propeller 

d. The propeller diameter and rotational 

speed (gearing). 

The losses incurred by transmitting ~rank) 

shaft power into useful thrust horsepower, 

is expressed in the propeller efficiency, 

n = useful power output 
shaft power input 

TV 
p (6-2) 

Propeller efficiency is zero under static 

conditions; its maximum value is obtained 

in high-speed flight and amounts tobetween 

approximately 85 and 92% depending upon the 

blade shape. 

Since a high propeller efficiency is de

sired in all the important phases of flight, 

the efficiency constitutes the most impor

tant design criterion for the propeller. It 

is essential to realize that cruising flight 

is not the only decisive factor, for the 

takeoff and climb performance may be equal

ly important, particularly in case of en

gine failure. 

This section will not deal with propeller 

theory, and the mechanical design of pro

pellers will only be referred to very 

briefly; the list of references may be 

consulted for literature on these subjects. 

The application of propeller theory to 

various airplane design aspects is covered 

very adequately, for example, in Ref. 6-20. 

6.3.2. Propeller coefficients and diagrams 

The characteristic angles relating to the 

propeller blade element are shown in Fig. 

6-4. The propeller rotates with an angular 

velocity w, while the airspeed is v. When 

the plane of the propeller is normal to 

the airspeed, the resulting speed at the 

blade element at a distance r from the 

axis of the propeller will have an effec

tive pitch angle ~ with the circumferential 

velocity wr 

propeller 
plane 

Fig. 6-4. Propeller blade element and local 

direction of flow 

~ = arctan ::!_ 
wr 

(6-3) 

In terms of the rotational speed and the 

propeller diameter, 

~ = arctan ::!_ x --1-
nD nr/R 

(6-4) 

For r = R, ~ represents the pitch angle of 

the helical path described by the propeller 

tip. The decisive factor here is the ad

vance ratio, 

J = ::!_ 
nD 

(6-5) 

The angle between the blade chord and the 

propeller plane is the geometric pitch or 

blade angle 8. The angle of incidence of 

the blade element relative to the airstream 

is 

(6-6) 

or, in combination with (6-4) and (6-5): 

J 
a = 8 - arctan::nr/R (6-7) 

The angle a is not equal to the local ef

fective angle of attack, since an extra 
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speed is induced at the blade element by 
the trailing vortex system of the propel
ler, but (6-7) does show that J is the de
ciding fac tor as far as the working condi
tion of the blade element is concerned. 
Assuming the induced velocity to be con
stant along the blade and noting that each 
blade element should operate at approxi
mately the same optimum effective angle of 
attack, it is easily shown that according 
to (6-7) B will have to decrease with in
creasing r. For this reason propeller 
blades always have a pronounced built-in 
twist angle. It is usual to define the 
blade pitch by the value of B at 70% or 

75% of the radial distance: s.70 or s .75" 
If the effects of viscosity and compress
ibility a r e disregarded, it can b e shown 
by dimensional analysis that f or a given 
blade geometry the following propeller co
efficients are determined only by J and 

.6 .8 1.0 1.2 1.4 
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16 

8 .1s' 

- p the Power Coefficient: CP- ---r5 
pn D 

the Thrust Coefficient: CT= --i--4" 
pn D 

or in British units: 

Bhp 

o(rpm/ 1000) 3 (D,ft) 5 

CT=l.515 T,l~ 4 
o (rpm/1000) (D,ft) 

(6-8) 

(6-9) 

(6-Ba) 

(6-9a) 

Provided t h e tip speed is sufficiently .far 
below the speed of sound and the blades 
are not stalled, the influence of the Mach 
and Reynolds numbe r will be negligible. 
F r o m this i t f o llows t hat the power and 
thrust coefficients of geometrically sim
ilar propellers, within a certain region 

1.8 2.Q 

J-V/nD 
22 2.4 

a . Two- blade propeller 

( Ref .: NACA WR 286) 

Fig. 6-5. Perfor m

anc e d iagrams o f 

i s olated propellers 



J 

b . Three- blade propelle r (Ref. Hami l ton St andard PDB 6 10 1) 
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of M and R (per unit length) can be re

presented in a single non-dimensional pro

peller diagram. Examples of such diagrams 

are depicted in Fig. 6-5. In some diagrams 

the thrust coefficient is specified in

stead of n. The propeller efficiency is 

derived from the power and thrust coeffi

cients and the advance ratio as follows: 

(6-10) 

The propeller thrust may be obtained di

rectly from CT: 

T = CT pn 2o4 (6-11) 

or from the power input and the propeller 

efficiency 

T = nP v (6-12) 

The propeller power P is the net power 

transmitted by the engine shaft to the 

propeller. For a given operational condi

tion of the engine, this is found from the 

engine performance specification, making 

corrections for: 

aerodynamic losses in the intake 

- mechanical friction losses in the reduc

tion gear* 

- tapping off bleed air from the compressor 

for anti-icing, airconditioning, etc. 

- power extraction to drive engine acces

sories and airplane systems. 
The thrust must be clearly defined (by the 

propeller manufacturer) and is generally 

taken as the tension force in the shaft of 

the isolated propeller (nis) that is the 

efficiency without an engine nacelle placed 

behind it. In the case of performance cal

culations this efficiency should be cor

rected to allow for the effects of the in

stallation in the aircraft. The principle 

of the method used in Ref. 6-16 works out 

as follows. 

1. On the condition that the propeller 

chart applies to the isolated propeller, 

*Frequently included in the specified en

~ine perfqrmance 
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the efficiency is determined for an effec

tive advance ratio, which is given by: 

Jeff = ( 1-h) J (6-13) 

The factor h takes account of the retarda

tion of the airflow through the propeller 

disk, caused by the presence of the fuse

lage or nacelle behind it. Its numerical 

value is: 

h 

2. A slipstream factor F is defined, 

F= effective propeller thrust 
isolated propeller thrust 

(6-14) 

(6-15) 

The effective propeller thrust is equal to 

the thrust of the isolated propeller re

duced by the increment in profile drag of 

those parts that are exposed to the slip

stream of the propeller. Provided that the 
airplane drag is defined for zero thrust, 

the propeller efficiency is equal to: 

(6-16) 

A usual approximation for F is: 

F (6-17) 

where fs is the profile drag area L(C0 S) of 
the aircraft parts immersed in the slip

stream of one propeller. In the absence of 

better data, c0 may be assumed equal to 

.004, based on the wetted area. 

A propeller coefficient which is sometimes 

used to choose the propeller diameter is 

the Speed/Power Coefficient: 

5 
r-p-" 

cs = v v -2 
Pn 

or in British units: 

c = 8 mph o1/5 
s .63 Bhpl/5 (rpm)275 

(6-18) 

(6-18a) 

This coefficient is independent of the pro

peller diameter and is entirely determined 

by the operational conditions: the flying 

speed, altitude, engine power and rpm. In 

some outdated propeller diagrams c5 will be 



found as a parameter and these can be used 

directly for the choice of~ and hence D. 

Manipulating (6-5), (6-8) and (6-18), we 

find: 

(6-19) 

and for given flight conditions we may 

draw the corresponding line of c5 = con
stant in the propeller diagram as in Fig. 

6-5a; in the example this has been done 

for c5 = 1. From a comparison of this line 

with those for constant n it may be con
cluded that in this case the maximum ef

ficiency (77.5 percent) is obtained at 

J = .51, B = 15° a~d CP = .033. The diam
eter which will give the maximum efficien

cy can be deduced from this condition. 

The usefulness of the coefficient c 5 is 

limited, since various operational con

ditions have to be considered when choos
ing a propeller. In such a case it will 

be desirable to have the propeller work 

under the best possible conditions, both 

in cruising flight and during takeoff and 

climb. A procedure which may be followed 

for choosing the propeller geometry is 

given in Section 6.3.4. 
Propeller performance may be determined in 

various ways: 

a. By using propeller diagrams supplied by 

the manufacturer, for example, Ref. 6-21. 

Propeller diagrams may also be found in 

various NACA Reports and handbooks. This 
method is generally satisfactory for a 

preliminary choice. 

b. By calculation, using generalized meth

ods, such as: 

- the approximations given in Ref. 6-15 

(light aircraft) or Ref. 6-17 (transport 

aircraft) 

-the SBAC standard method (Ref. 6-16), 
which also allows for the installation of 
the propeller 

- the method given in Ref. 6-26, which 

also makes it possible to calculate pro
peller noise characteristics. 

An advantage of generalized methods is 

that systematic variations in blade shape 

may be·accounted for, thus making opti-

mization possible. 

The way in which the propeller data - and 

more particularly the propeller diagrams -

should be used depends on the particular 

application and the blade angle control, 

as will be explained in the next section. 

6.3.3. Blade angle control 

The following distinctions are made with 

regard to propeller control: 

a. Propellers with constant pitch during 

flight: 
- fixed pitch propellers, with the pitch 

built in during manufacture 

- adjustable propellers, with the blade 

angle adjustable on the ground but fixed 

in flight. 
b. Propellers with variable blade angle 
during flight: 

- adjustable propellers, for which the 

blade angle may, within given limits, be 

set at some pre-determined values, e.g. 

fine and coarse pitch 

- controllable pitch propellers, forwhich 

the blade angle, within given limits, may 

be set by the pilot at any desired value 

- constant speed propellers, for which the 
rate of revolution is kept constant at a 

value set by the pilot. The blade angle 

is controlled automatically, so that there 

will be equilibrium between the power sup

plied by the engine and the power absorbed 

by the propeller 

- constant speed propellers with blade 

angle control (8-control), for which the 

blade angle may be set and controlled di

rectly by the pilot, while the rate of 

revolution during flight remains constant. 

Engine power is governed by an automatic 

fuel control system. 

Adjustable and controllable pitch propel
lers are hardly ever used nowadays. Fixed 
pitch propellers aFe still fitted to small 

aircraft used for flying instruction, tour

ing and business flights. Controllable 

pitch propellers are in use on somepowered 

sailplanes, the pilot being able to feather 

the blades in order to reduce the dragwhen 
the engine is switched off. Propeller-
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different 
power lever 
settings 

UNITS, 

V in m/s (I m/s 

P in kgm/s (I kgm/s 

c 

1. 942 kts) 

.01316 hp) 

a. FIXED PITCH PROPELLER: Choice of propeller diameter and blade 

angle. 
1/5 

I. Speed-power coefficient' CS = v(~) e.g. for maximum cruising 

speed and appropriate engine rating.Pn 
5 2. CP = {J/C5 ) , to be computed a~as in Fig. 6-6a. 

3. Diameter limit' D = 108 · 4 /6\ M . 2-M2 • Mt'p < .80 to .85; calcu-n t~p ' • 
late corresponding CP and J-limits. 

4. Choose S and D in diagram. 

5. For performance calculations only the line for S 
used. 

b. CONSTANT SPEED PROPELLER - POWER CONTROL: 

constant is 

Calculation of efficiency for specified shaft power, propeller diam

eter and rpm. 

1. Power coefficient: c = _P_ 
P pn3D5 

2. Advance ratio J = V/nD 

3. Read n from the diagram. 

4. For variation of flight speed CP remains approximately constant 

(piston engines) or increases slightly with speed (turboprop engines). 

c. CONSTANT SPEED PROPELLER - 8 CONTROL: 

Effect of flight speed and engine control on power and propeller ef

ficiency. 

1. For specified V the power required is determined by using the air

plane polar (horizontal flight). 

2. Assuming T), the engine power for equilibrium is fo\Uld and J and CP 

are calculated. 

3. T) is read from diagram and if necessary the procedure is repeated. 

4. For variable speed e remains constant. The engine power is con

trolled automatically to keep n constant until the engine and the pro

peller power are matched. 

Din m (1m= 3.28 ft) 

p in kg sec2 /m 4 

(I kg sec2/m4 = .019 slug/ft3 ) 

Fig. 6-6. Applications of the propeller diagram 

powered transport aircraft are always 
fitted with constant speed propellers; 

these are often equipped with blade angle 
control. Turbopropeller engines have to be 
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fitted with constant speed propellers. 

a. Fixed pitch propellers. 
The advantage of fixed pitch propellers is 



obviously that they are simple to produce, 

hence cheap, while they are also light and 

require no maihtenance. For these reasons 

they are used on small aircraft with en

gines of up to about 200 hp and even more 

in the case of agricultural aircraft. 

An aircraft with a fixed pitch propeller, 

however, is very much at a disadvantage 

where flexibility in performance is con

cerned. During the takeoff and subsequent 

climb the rpm of the engine is limited by 

the power which the propeller is able to 

absorb, and consequently the power cannot 

be fully util"ized. Decreasing the blade 

angle will improve the situation during 

takeoff and low-speed flight, but in high

speed flight the engine will be overspeeded 

and must be throttled back. 

When a preliminary choice of the blade an

gle and diameter has been made, it may be 

assumed that the aircraft will fly at max

imum cruising speed with the rpm and power 

values recommended by. the engine manufac

turer. The equations required to estimate 

the cruising speed are presented in Sec

tions 5.3.4. and 5.4.1. If at this stage 

the drag polar is still unknown, the cruis
ing speed may be estimated by comparison 

with similar aircraft or it can be deduced 

from the design specification. The Speed/ 

Power Coefficient CS can then be determined 

by (6-18) and the efficiency will be depen

dent only on the diameter. When this is 

chosen as large as possible, the propeller 

blade angle will be small and at low speeds 

it will be possible to obtain a high rpm, 

and consequently high engine power. The 

propeller diameter is limited by the per

missible Mach number at the tip (Mtip<.80 

to .85), or by practical limits, such as 
the clearance from the ground. Fig. 6-6a 
illustrates the choice by means of a pro

peller diagram. 

For a more definite propeller design, the aerody

namic characteristics of the aircraft should be 

known, but these will only be determined at an 

advanced stage. It will be necessary to carry out 

performance calculations under varying flight con

ditions in order to find the most favorable com

promise. Once the angle of incidence of the b"lade 

has been chosen, the only remaining important fac

tor in the propeller diagram will be the line re

lated to the fixed propeller pitch angle S. 

b. Constant-speed propellers. 

As far back as the 19th century the French 

pioneer Alphonse Penaud proposed a propel

ler with adjustable blades, but it was not 

until about 1925 that the constant-speed 

propeller proved to be a practical proposi· 

tion and it carne into service around 1935. 

The performance of aircraft improved to 

such an extent that since that time the 

constant-speed propeller has come into gen 

eral use. The pilot sets the rpm of the en 

gine to the value desired and for each 
flight speed the propeller blade angle is 

automatically adjusted in such a way that 

the propeller is able to absorb the power 

of the engine. The main difference between 

this and the fixed pitch propeller is that 

the engine power available can be fully 

utilized at each airspeed. There are var

ious methods for obtaining an automatic 

system of adjustment. For example, oil 

pressure can be used to twist the blade in 

one direction, while a counterweight at the 
hub of the blade permits movement in the 
opposite direction. Fig. 6-7a shows a sim

ple system but many variants have been de

rived from this. The sketch in Fig. 6-7b 

gives an example of the mechanism of a 

pitch-control system. Electrical systems 

a. Non-reversing propeller and governor 

Fig. 6-7. Mechanical principle of constant

speed propellers 
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Hart:zell Model HC·82X·l Constant Speed 

b. Blade angle control 

Fig . 6-7 (concluded) 

are used as well. ·Constant-speed propellers 

are often provided with : 

- a feathering device, which allows the 

blade to take up an angle of attack of 80 

to 90 degrees when the engine is inopera

tive, thus considerably reducing the drag 

of the propeller, while engine damage due 

to windmilling is avoided; 

- a facility for turning the blade to a 

negative pitch angle, which is used to ob

tain r e verse thrust and so reduce the land

ing run; 

- automatic restriction of the blade angle 

which comes into action when the oil pres

sure drops, in order to safeguard against 

high revolutions of the propeller with 

small angles of attack . 

c. Constant-speed propellers with blade an

gle control. 

Two versions are known: 

1. The a-control system, where the pilot is 

able to control the blade pitch angle both 

in flight and on the ground 

2. A system in which control of the propel

ler blade is only possible during maneuver

ing on the ground. 
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When the a-control is in operation during 

the flight phase and the pilot wants to in

crease the engine power, the direct result 

of moving the power level will be an in

crease in the blade pitch. Since the pro

peller torque will then increase, the rpm 

will tend to drop . A "speed set" will now 

transmit a signal to the fuel control sys

tem and more fuel will be fed to the en

gine. Engine power will increase until the 

rpm again reaches the pre-set value . 

Fig. 6-8 illustrates how this method of en-

a: 
w 
3 
0 
ll. 

POWER 

REQU IRE D 

A IRSPEED 

A: Powe r con tro 1 mode 

B: Blade angle control mode (8 constant ) 

Fig. 6-8. Comparison of normal power con

trol and a control (Ref.: SAE Paper No. 

670244) 

gine control works in practice. It should 

be noted that it is only applicable to 

turboprop engines where the propeller rpm 

and power can be varied independently. 

Curve l shows the power required for steady 

horizontal flight. Curves f• 3 and 4 re

present the total power required during 

stationary climb and descent and in a sta

tionary turn. The speed in horizontal flight 

is determined by the equilibrium between the 

power available and the power required 

(po int B) . The difference between the lines 

of power available with the conventional 



method of adjustment (line A) and with a
control (line B) results from the automatic 
adaptation of the power to the flying speed 
in the case of a-control. To take an exam
ple of the a-control system: when the fly
ing speed in a stationary condition is re
duced, the propeller blade angle of attack 
will increase for constant blade setting 
and so will the propeller-torque (equation 
6-7). The engine control system will react 
to this change and will cause the power to 
increase to the extent that the rpm re
mains constant. On the other hand, when 
the speed is increased, engine power will 
automatically drop. Fig. 6-8 shows that 
with the use of a-control the loss in speed 
resulting from a transition to a climb or 
turn is small as compared with that which 
occurs with power control by means of a 
conventional constant speed propeller. Con
sequently, with a pre-set flight condition 
the margins relative to the stalling speed 
will be greater and the pilot will have to 
make fewer speed corrections. This will 
increase flying comfort and safety. In 
descents there will be a lower speed build
up, which reduces the danger of overloading 
the structure. 
The a-control mode is only operationalwhen 
the engine is running within the predeter
mined limits. When, during some phase of 
th& flight, the permissible Turbine Entry 
Temperature is reached, another control 
system is activated and the engine-propel
ler combination will function on the lines 
of the conventional control system. The a
control facility will therefore not affect 
the ultimate performance in conditions 
where the engine is operating at its lim
its, e.g. during takeoff or maximum con
tinuous operation. 
The differences which exist between the 
conventional control and a-control system 
are illustrated once more in the propeller 
diagrams in Figs. 6-6b and 6-6c. 

6.3.4. Propeller geometry 

Apart from the considerations which will 
follow, there may be certain overriding 

factors which govern the choice of a pro
peller, such as the low costs of spare 
parts for existing type of propeller, or 
the possibility of varying the gear ratio 
between the engine and the propeller, etc. 
For a final propeller design specification 
it will always be necessary to consult the 
propeller manufacturer. 

a. Propeller diameter and tip speed. 
The diameter is undoubtedly the most im
portant design parameter of the propeller 
and in a sense comparable to the span of 
the wing, albeit with definite limitations. 
It can be shown theoretically that propel
ler efficiency grows with increasing pro
peller diameter, provided it is possible 
to vary propeller rpm and blade shape free
ly (Ref. 6-14). In actual practice, how
ever, the propeller speed is determined by 
the operating regime of the engine and the 
propeller reduction which cannot, as a 
rule, be chosen arbitrarily. The most im
portant factors governing the choice of the 
propeller diameter are: 
- the propeller performance (efficiency) 
under varying conditions, 
- the permissible tip speed in connection 
with propeller noise and performance, 
- practical limits such as ground clear
ance and the clearance between the tips 
and the aircraft structure (Section 6. 4. 1. ), 
and 

- the weight of the propeller installation. 
The propeller tip speed is the resulting 
velocity of the propeller tip relative to 
the airflow. If the induced velocity is 
ignored, Fig. 6-4 shows that: 

I 2 2' 
vtip = \1 v + (11nDJ (6-20) 

Using (6-5), this expression may be re
written as: 

(6-21) 

Although in the case of propellers with 
thin blades (thickness/chord ratios about 
6 per cent) and small camber, the efficien
cy only shows an appreciable decline at 
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Fig. 6-9. Diagram to facilitate the choice of the disk loading 

Mtip > .90 to .92, a practical limit of .85-
• 9.0 must be observed in order to keep the 

propeller noise down to an acceptable level. 

b. Static tip speeds (Vtip = nnD) of some 
800 to 1000 ft/s (250 to 300 m/s) have long 
been regarded as normal values. Now that 
considerable attention is being paid tore

ducing the airplane noise level, tip speeds 

of 500 to 700 ft/s (150 to 200 m/s) are be

ing aimed at, while 800 ft/s (250 m/s) is 

regarded as the upper limit. Tip speed is 

the most important factor in the suppres

sion of noise. A low tip spe~d, however, 

will only give acceptable performance when 

200 

the diameter is sufficiently large. Accord· 

ingly, in the design of propeller aircraft 

for short runways, the accent lies on the 

development of slowly revolving propellers 

with a large diameter and special shape of 

blade (cf. References 6-24 and 6-25). 

c. A preliminary choice of propeller diam

eter may be made on the basis of one or 

more of the following methods: 

Method A: the propeller disk loading P/02 

at takeoff is used as a parameter. In Fig. 

6-9 this quantity is plotted vs. the param· 

eter \ Pto Vcr for a large number of air
craft. This correlation is based on the ob-



servation that during cru1s1ng flight J/Cp 

does not vary appreciably, and for given 
altitude and engine speed the disk loading 
should be proportional to the parameter 

&. 
Method B: The diameter is deduced from a 

specified Mtip' which is considered to be 
acceptable. For this purpose we can derive 
from (6-21): 

D (6-22) 

Assume Mtip ' .80 for low-speed propellers 
with relatively thick aerofoils with thick
ness/chord ratios of about 10 per cent, and 

Mtip ' .85 to .90 for high-speed propellers 
with relatively thin blades (thickness/ 

chord ratios about 6 per cent) . The speed 
of sound is taken at the appropriate design 

(cruising) altitude. 

For low-speed aircraft with piston engines 
the rpm during takeoff will be considera
bly higher than in cruising flight, so the 
former will be the determining factor. In 
the case of high-speed propeller aircraft 
the cruising flight will generally be de
cisive. 

Method C: The influence of the diameter on 
efficiency under various flight conditions 
is calculated on the basis of the propel
ler diagram for one or more blade shapes 
and number of blades per propeller, as ap

propriate. It will be necessary to estimate 
the flight speed of the aircraft in the 
flight phases chosen. Although these cal
culations are more involved than those 

used in the approximate methods mentioned 
above, a better picture of the performance 
trade-off is obtained. 
Fig. 6-10 gives an example of a small com

mercial aircraft with two turboprop engines 
of 650 shp each. The influence of the pro
peller diameter on efficiency was investi

gated and it was found that D = 7 ft 7 in. 
( 2. 3 3 m) is "the optimum value for the 

cruise and D = 8 ft 5 in. (2.57 m) for the 
climb. Admittedly, the static thrust im

proves rapidly with increasing diameter, 
but at 88 knots (45 m/s) there will be 
little gain with D > 8 ft (2.44 m). With 
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Fig. 6-10. Propeller diameter optimization 

(3 blades, AF = 140, CL. = .5) 
1 

this diameter the tip speed at takeoff will 

be 830 ft/s (254 m/s), which is considered 
an acceptable value for this type of air
craft. As indicated in the figure, D was 
chosen as 8 ft in this case. 

It should be noted that the slipstream cor
rection, approximated by (6-13) through 

(6-17), is dependent on the diameter. The 

result of this will be that, from the per
formance point of view, the optimum diam

eter of the propeller as installed on the 
aircraft will be greater than for the 

isolated propeller. 
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d. Blade shape and number of blades 

The planform o£ the blade may be expressed 

as a non-dimensional quantity which is a 

relative yardstick for the power which the 

blade is able to absorb. This is known as 

the Activity Factor: 

1.0 
AF= JOO,OOO I 

16 
.15 

(6-23) 

The notation is defined in Fig. 6-4. The 

propeller Total Activity Factor is: 

TAF = B x AF (6-24) 

where B den-otes the number of blades per 

propeller. For a propeller blade the AF 

will generally lie between 80 and 180. For 

example, in the case of the Helio Courier, 

the AF is 90, while for the Lockheed C-130 

it is 162. From (6-23) it is apparent that 

the AF may be increased by making the blade 

wide at the tip. In this connection there 

are various shapes o£ blade (Fig. 6-11) and 

\ 
LOW SPEED M=.S-.7 TRANSONIC LOW NOISE 

VARIABLE CAMBER 

Fig. 6-11. Some propeller blade shapes 

their application depends on the operation

al conditions and the engine power. 
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Type A is used on low-speed aircraft with 

engines in the lower power bracket. For an 

AF of up to about 90 a tapered blade form 

is chosen; a blunt tip is generally adopt

ed for an AF between 90 and 115. The shank 

of the blade has a section which is nearly 

circular or elliptical, evolving to an 

aerofoil with a thickness/chord ratio of 8 

to 12 per cent at the tip. The resulting 

Mach number at the tip is limited to about 

.80 and the flying speed to about M = .4 

Type B is a practical shape for speeds be

tween M = .4 and .6. Examples of aircraft 

using this type are the Lockheed Electra 

and C-130. For an AF of 115 to 140 almost 

prismatic blades with rectangular tips are 

used, while for AF values greater than 140, 

blades are designed with inverted taper, 

the tip chord being larger than the root 

chord. As a res~lt of the relatively large 

local chord the lift coefficient at the tip 

will be low and the critical flight Mach 

number high. This is also achieved by the 

use of a thin blade section (about 6 per 

cent) and the relatively low rpm. Stream

line fairings (cuffs) , which improve the 

inlet conditions of the turboprop engine 

particularly with reverse thrust, may be 

fitted at the shank of the blades. 

Type C is an example of the types of blade 

evolved around 1950-1960, intended for 

high-subsonic flight speeds of up to M 

.95. The tip speeds are transonic and the 

blades are very thin: about 6 per cent at 

the root down to 2 per cent at the tip. 

Sections of this type are now of histori

cal interest only, since the turbofan en

gine is a more efficient prime mover for 

speeds at the high-subsonic level. 

Type D is a special design for a quiet, 

slowly revolving propeller (Ref. 6-25). 

Here the chord is changed in such a way 

that in the static condition the region 

of the blade which is stalled is kept as 

small as possible. 

Type E is a propeller with variable blade 

camber which has been the subject of re

search by Hamilton Standard* and may be of 

*cf. Av.Week & Space Techn,11/24/69,pp.56-65 
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Fig. 6-12. Effect of eLi on propeller per

formance (TAF = 350; B = 3; D = 8 ft, 2.44 
m) 

interest for propeller-powered V/STOL air

craft designs. The variable angle of inci

dence of the pairs of blades relative to 

each other is optimum both for the takeoff 

and cruising flight. The slot action be

tween the blades may be compared to that 

of wing trailing edge flaps. 

e. The camber of a blade element is re

presented by the design-lift coefficient 

cii . This is the value of c~ for the air
foil which giyes the lowest profile drag. 

The integrated design-lift coefficient is 

used for the propeller blade. This is de

fined as follows: 

1.0 

4 I (6-25) 

.15 

For the notations, see Fig. 6-4. 

The blade camber cL. is generally chosen 

between .4 and .6. 1 For optimum cruise a 

fairly low value of CL has been found to 

be advantageous, but aihigher value of CL 
leads ·to higher thrust at low speeds. i 

Fig. 6-12 shows the effect of blade camber 

on etficiency for the airplane design men

tioned previously. 

Although the TAF and the eLi do not entirely de-

fine the shape of the blade profile - thickness, 

taper and twist are also important - these param

eters wi 11 suffice for analyzing the airplane per

formance at the preliminary design stage. Even when 

the aerodynamic characteristics of the aircraft are 

not yet accurately known, it is still possible to 

check the influence of the TAF and CL on the per

formance of the propeller for some ofithe flight 

conditions chosen or laid down in the specificatio~ 

Such a comparison will only be of any significance 

when data on propellers with geometrically compara

ble blade shapes are available. Useful sources in 

this respect are mentioned in References 6-21 and 

6-26. The propeller diagrams shown in Fig. 6-Sb and c 

have been taken from Ref. 6-21. This publication prel./ 

sents diaqrams for three AF and four Cr.i values for 

both three- and four-bladed propellers. 

Fig. 6-13 shows how propeller efficiency 

is influenced by the number of blades and 

the blade AF in the case of the aircraft 
mentioned. As can be seen, the four-bladed 
propeller is at a slight advantage under 

all conditions so far as performance is 

concerned. If the TAF is chosen slight~y 

larger in the case of the three-bladedpro

peller, however, the disadvantage in the 

takeoff will be eliminated, while the pro

peller will_ be both simpler and lighter. 

The four-bladed version shows 1 to 1\ per

cent impruvement in efficiency in cruising 

flight and climb. From Fig. 6-9 it will be 

observed that the transition from three to 
four blades occurs at about 1500 hp engine 

power. A four-bladed propeller will also be 
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Fig. 6-13. Effects of AF and number of 
blades on propeller performance (CL. .4, 
D = 8 ft, 2. 44 rn) 1 

chosen when the diameter is restricted for 

structural reasons, because in this case 

the efficiency of the three-bladed propel

ler would be too low. 
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6.4. INSTALLATION OF PROPELLER ENGINES 

6.4.1. Location of the propellers 

The following requirements regarding the 

mounting of propellers are largely quoted 

from Ref. 6-18 (see also FAR 23.925 and 

25.925). 

a. There must be a clearance of at least 7 

inches (for airplanes with a nosewheel 

landing gear) or 9 inches (for airplanes 

with a tail wheel landing gear) between 

each propeller and the ground with the 

landing gear statically deflected and in 

the level takeoff, or taxying attitude, 

whichever is most critical. 

b. In addition, there must be positive 
clearance between the propeller and the 
ground in the level takeoff attitude 

with the critical tire completely deflated 

and the corresponding landing gear strut 

bottomed. 
c. There must be 

- at least one inch radial clearance be

tween the blade tips and the airplane 
structure, plus any additional clearance 

necessary to prevent harmful vibration 

- at least ; inch longitudinal clearance 

between the propeller blades or cuffs and 

stationary parts of the airplane 

- positive clearance between other rotating 

parts of the propeller or spinner and sta

tionary parts of the airplane. 

The values stated above are absolute minima; in 

order to limit cabin noise level it is advisable to 

provide a propeller tip 1 fuselage clearance of at 

least 4 inches (10 em) plus .6.5 inch ( 1.65 em) per 

100 hp of one engine. It should also be kept in mind 

that in the case of engine power growth the optimum 

diameter of the propeller is likely to increase. 

d. In the case of seaplanes and flying 
boats there must be a clearance of at least 

18 inches (46 ern) between each propeller 

and the water, but it is recommended that 

this clearance should be at least 40 per 

cent of the propeller diameter. 

e. When two propeller disks are adjacent 

to each other, the relative distance be

tween the two, as seen in front view, 

should be at least 9 inches (23 ern). Over-



lapping of propeller disks is discouraged, 
although this w~ll probably not apply to 
STOL aircraft with deflected slipstream. 
f. Another important ruling (FAR 23.771and 
25:771) stipulates that the primary con
trols, excluding cables and control rods, 
must be located with respect to the pro-. 
pellers, so that no member of the minimum 
flight crew, or part of the· flight deck 
controls, lies in the region between the 
plane of rotation of any inboard propel
ler and the area generated by lines pass
ing through the center of the propeller 
hub making an angle of 5 degrees forward 
and aft of the plane of rotation of the 
propeller. 

This latter requirement is depicted in 
Fig. 6-14 and is in practice more decisive 

Fig. 6-14. Region in which flight crew 
members, flying controls and instruments 
may not be located 

for the propeller location than for the 
layout of the flight crew compartment. It 
is also advisable to avoid siting passenger 
seats in this region, although this will 
not always be possible. In addition, it is 
preferable to locate the propellers in 
such a way that cargo holds, toilets and 
suchlike will not be in the plane of the 
propellers. It will be obvious that they 
should not be placed too close to cabin 
doors. The fuselage will have to be re
inforced locally in view of the possibility 
that lumps of ice may be thrown from the 
propellers. 

6.4.2. Tractor engines in the nose of the 
fuselage 

In the vertical direction the position bf 
the engine will be dictated by the d~n
ward view of the pilot (Section 3.4.1.), 
as well as by the required clearance be
tween the propeller blade tips and the 
ground. It may sometimes be desirable to 
adapt the length of the nosewheel strut in 
order to give the aircraft a slight tail
down attitude. 
When piston engines are used there should 

I' be a proper supply and exit of cooling air 
to and from the engine and oil cooler, as 
well as an adequate supply of engine air 
to the carburetor. 
The exhaust gases of turboprop engines 
should not be blown against any part of 
the aircraft, nor penetrate into thecock
pit or cabin compartments. Tilting down 
the engine thrust line may have a favor
able effect on the longitudinal stability 
(Fig. 6-15) , but this should be limited to 
a few degrees in order to avoid excessive 

variation in the angle of attack between 
the airflow and the propeller axis. 

6.4.3. Wing-mounted tractor engines 

Examples of some engine arrangements are 
shown in Fig. 2-10. 
High-wing monoplanes will allow a certain 
measure of freedom with regard to the ver
tical location of the engine before a limit 
is imposed by the ground clearance of the 
propeller. If the landing gear has to be 
retracted into the engine nacelle this will 

largely determine the position of the en-

Fig. 6-15. Propeller thrust line tilt-down 
for improved power-on longitudin~' stabil
ity 
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gine and its jet-exhaust pipe. Where this 

is not the case, it is preferable to place 

the thrustline at about the level of the 

wing-chord or a little below it. The ex
haust gases must be directed in such away 

that they do not impinge on the wing flaps 
in the extended position. 
Low-wing monoplanes will often present a 

problem when it comes to obtaining suffi
cient ground clearance for the propeller. 

The engine nacelle, on the other hand, 
should not be placed too high on the wing 
since that would create excessive drag. An 

acceptable compromise may be created by 
placing the thrustline in such a position 
that its extension wou·ld be at a tangent 
to the top of the local aerofoil. In the 

case of turboprop engines the exhaust 

gases will be directed over the wing 

through extended exhaust pipes. 

When the direction of the airflow is not 
perpendicular to the propeller disks the 

blades will be subject to alternating 
loads with a period equal to the r.ime of 
revolution of the propellers (lP) . This 
periodic loading may be reduced by a cor
rect choice of the angle of incidence of 

the propeller axis in relation to the wing. 
It will be advisable to contact the propel
ler manufacturer at an early stage. 

6.5. INSTALLATION OF TURBOJET ENGINES 

6.5.1. General requirements 

A number of aspects relating to the loca

tion of the engines has already been dis
cussed in Section 2.3. 

Engines buried within the fuselage can on

ly be used when the payload has a relative
ly small volume and enough space is avail
able for the engine and its inlet and ex
haust ducts and for the wing center sec
tion. Generally speaking, this will only 
be the case with small private aircraftand 

trainers, as far as civil aviation is con

cerned. The relatively large diameter of 
modern high bypass engines virtually pro
hibits the installation of engines buried 
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in the wing roots, as in the Hawker 

Siddeley Comet and Tupolev 104. ~ese en
gines are g,enerally installed in pods, 

which are provided with detachable or 

hinged pariels for ease of maintenance. The 

engines and their pods are connected to 
the airframe by means of pylons. The py
lons of fuselage-mounted engine pods are 
more heavily loaded as a consequence of 
bending and - unlike wing-mounted podded 

installations - contain heavy forgings 
(Fig. 6-16). 

Fig. 6-16. Mounting provisions for the 
Rolls-Royce Spey engines in the Hawker 
Siddeley Trident 3E rear fuselage (Ref. 
Aircraft Eng1neering, April 1969) 

!n order to ensure favorable working con
ditions for the engine the air should reach 

the compressor with a minimum of pressure 

losses and fluctuations. The velocity of 
the incoming air will be about M = .4 to 
.5 in the plane ot the compressor and it 

follows that at high-subsonic speeds the 
inlet air should be decelerated in a dif
fuser. When the shape of the inlet is op
timized for this condition, there will be 

a possibility that during takeoff the air 
may separate inside the inlet duct, re

sulting in inlet pressure fluctuations and 
thrust loss. Possible solutions are a re
latively blunt and long inlet lip or the 



provision of auxiliary inlet doors which 

admit air only at low soP.eds. 

The absence of large propellers, the rela

tively good accessibility and the compact

ness of podded jet enqines allow the de

signer som~ measure of freedom in locat.ing 

the nacellP.s in a favorable position, the 

bypass ratio bej.ng an important paJ:ameter 

herP.. Fig. 6-17 shows two design sketches 

of a short-range airliner powered by two 

engines with a bypass ratio of 6.5. The 

figure shows that when the enaines are 

mounted below the wing this will lead to 

a fairly high undP.rcarriage and a large 

vertical tailolane. In this case it would 

be preferable to place the enaines at the 

tail of thP. fusP.lage, provided this con

figuration did not result in an unaccept

ably large c. g. travel (cf. Sectj.on 8. 5. 3.). 

An alternative solution was sought on the 

Fokker-VFW 614 short-haul aircraft, where 

the engines are located above the wing. 

Some problems associated with this layout 

are discussed in Ref. 6-41. 

With respect to the location of the engine 

inlet we quote the following requirement 

from FAR 25.1091: 

"The airplane must be designed to prevent 

water or slush on the runway, taxiway, or 

other airport operating surfaces from be

ing directed into the engine air inlet 

ducts in hazardous quantities, and the air 

T 
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Fig. 6-17. Installa

lation of high-by

pass-ratio engines 

on the win9 and the 

rear fuselage 

inlet ducts must be located or protected 

so as to minimize the ingestion of foreign 

matter during takP.off, landing, and taxy

ing". 

6.5.2. Fuselage-mounted podded engines 

The following points will have to be con

sidered when choosing the location of the 

engines: 

a. A good transfer of the loads acting on 

the engine - approximately 10 times the in

stalled weiqht, forwards as well as down

wards - necessitates the adoption of the 

type of construction shown in Fig. 6-16. 

Another solution would be to use an almost 

solid bulkhead at the location of the 

fittings which pick up the outriggers 
carrying the engine. An opening the size 

of a door might still be acceptable. Such 

a frame would generally serve as the rear

most limit of the passenger cabin, thereby 

fixing the maximum forward location of the 

engines. 

b. When there is only a thi'n-walled cabin 

structure between the engine and the cabin 

interior, it will be undesirable to have 

passengers seated in the plane of either 

the turbines or the compressor, although 

this may be acceptable in the case of en

gine with a very high bypass ratio, pro

vided there are sufficient safeguards a

gainst any engine parts penetrating. the 
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passenger cabin in the case of turbine or 

compressor failure. 

c. Placing the engines at the sides of the 

aft fuselage introduces the possibility of 

a drag problem due to boundary layer se

paration in the divergent portion of the 

convergent-divergent channel formed by the 

nacelle, the pylon and the adjacent fuse

lage wall. This will be particularly se

rious at high speeds because of the gen

eration of shock waves. 

d. The nacelle behind and above the wing 
may create an effective Whitcomb-body ef

fect. The pressure field of the nacelle 

at high Mach numbers will move forward the 
local shock wave on the inboard part of 

the wing in front of the nacelle. This 

will postpone the breakaway of the wing 

boundary layer induced by the shock waves. 

For an optimized design this effect may 

increase the drag-critical Mach number of 

the aircraft (Ref. 6-32). 

e. Since the nacelles are located behind 

the aerodynamic center of the wing, they 
will cause the aerodynamic center to move 
backwards. This stabilizing effect is 

partly compensated by an increment in the 

downwash at the horizontal tailplane due 

to the low effective aspect ratio of the 

nacelle/pylon combination. 

f. At large angles of attack, particularly 
when the airflow over the wing has sepa

rated, the wake created by the nacelles 
and the pylons may greatly reduce the 

effectiveness of the horizontal tailplane. 

For this reason the location of the en

gines will be an important factor in con

nection with the deep stall problem (cf. 

Section 2.4.2.). 

The aerodynamic design group's task is to 

take maximum advantage of the favorable 

effects and suppress the unfavorable as

pects as far as possible. Fig. 6-18 shows 

that this may result in a complexly shaped 

nacelle. In this example, the nacelle forms 
an angle of 3 degrees with the fuselage 
datum line, while in plan view the shape 

has been adapted to the local contour of 

the fuselage. If just any nacell~ is taken 
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direction 
gross thrust 

Fig. 6-18. Example of the shape of engine 

nacelles moun~ed to the rear sides of the 

fuselage 

at random, the interference drag may a

mount to 40-50 per cent of that of the 

nacelle plus pylon, but this value can be 

reduced to 10-20 per cent by appropriate 

aerodynamic development. As to the dis

tance between the centerline of the na

celle and the local fuselage contour, 

something like 75 to 80 percent of the 
maximum diameter of the nacelle will be an 
adequate value. In the example given the 

jet pipe is toed slightly outwards in or
der to reduce the moment arm of the thrust 

about the center of gravity. This reduces 

the yawing moment created in the event of 

engine failure. 

For speeds in excess of M = .90, it will 

be necessary to adapt the shape of the 

fuselage in accordance with Whitcomb's 

"area rule" (example in Ref. 6-39). In the 

case of aircraft with a long fuselage and 

a relatively small nacelle diameter, the 

requirement that the fuselage bcundary 

layer should not enter the duct is de

cisive in determining the location of the 

inlet. At large angles of attack or yaw 

the wake of the fuselage, wing or other 

parts of the aircraft may enter the inlet 



duct. The designer should be aware that 

even in this case the fluctuations in in
let pressure must not exceed the limit 
laid down by thP engine manufacturer. 

6.5.3. Wing-mounted podded engines 

The following considerations will influ
ence the location of the engines: 
a. The reduction in the bending moment at 

the wing root increases proportionally as 
the engines are placed further outwards 
until the taxi loads become predominant 
and the trend is reversed. In addition, 
when the spanwise coordinate exceeds a 
certain value, the area of the vertical 
tail surfaces must be increased in order 
to compensate for the adverse yawing mo
ment in the case of engine failure. 
b. With swept-back wings it is possible 
to effect corrections in the location of 
the e.g. by changing the position of the 

engines in a spanwise direction, since 
for given chordwise location that will 
also entail a shift in the longitudinal 
direction. 
c. The shape of the flow channel between 

the nacelle and the wing will be the de
cisive factor as far as the interference 
drag between the two is concerned. Fig. 
6-19 shows that when an unfavorable posi
tion is chosen, the drag penalty may be 
considerable. As a general rule, the front 
and back of the nacelle should not coin
cide with or lie near the leading and 
trailing edge of the wing. Incidentally, 
by designing a suitable shape for the na
celle and the pylon the result shown in 
Fig. 6-19 can be considerably improved. 
d. The hot jet blast is generally not 
allowed to impinge on any part of the air• 
craft. This necessitates a local inter
ruption of the flaps, resulting in a typ

ical CL-max penalty of about .07 relative 
to the unineerrupted flap. However, the 
efflux of high bypass engines is fairly 
cool and may not be harmful to the struc

ture. 
e. When the horizontal tail surfaces are 
mounted to the fuselage, the jet efflux 

-.a -.4 -.2 .4 .a .a 

c0E = external drag of isolated nacelle 

t.c0 = installed drag of nacelle, including inter

ference 

wing sweep angle = 27° 

inlet velocity • SO\ of airspeed 

Fig. 6-19. Location effects on interference 
drag of a wing-mounted nacelle (Ref. 6-28) 

will be close to the stabilizer at large 
angles of attack. The pumping effect of the 
jet will induce a downwash which will de

crease the effectiveness of the stabilizer. 
This effect can be reduced by locating the 
engine or engines further outboard. 

Reference 6-35 contains a survey of the re
sults obtained by Lockheed during investi
gation of the most favorable location of 
the engine on the wing, using various con
figurations. Fig. 6-20 shows a location 
which may be regarded as one of the most 
suitable solutions, although it should be 
noted that this may not apply when a dif
ferent type of engine is chosen. Thestruc
tural arrangement of a typical podded in

stallation of a high bypass engine is de
picted in Fig. 6-21. A comprehensive dis
cussion on engine installation considera
tions and the aerodynamic development of 
configurations with rear fuselage- and 
wing-mounted engines can be found in Refs. 
6-32 and 6-33. 
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6.6. MISCELLANEOUS ASPECTS OF POWERPLANT 

INSTALLATION 

6.6.1. Thrust reversal 

The high landing speeds of modern jet air

craft compel designers to adopt effective 

means to decelerate the aircraft rapidly 

after touchdown. This is also desirable in 

the case of aircraft which must be able to 

take off and land on very short runways 

(STOL), even if they possess low takeoff 

and landing speeds. 

Reversal of the available jet or propeller 

thrust is an obvious aid to bring the air

craft to a stop. The main advantages are: 

a. When the aircraft is landed on wet or 

snow-covered runways it is only possible 

to obtain a considerably reduced deceler

ation by the use of wheelbrakes and aero

dynamic drag. Fig. 6-22 shows the ratio of 

the landing run length with thrust re

versers to the distance required in the 

case that no reversing is used. As can be 

seen, the use of thrust reversers leads to 
a considerable reduction in the landing 

run. In duch cases they contribute to the 

safety of operation~ 

b. Thrust reversers are also used during 

day-to-day landings on dry runways al

though, as shown in Fig. 6-22, the reduc

tion in the landing run is less pronounced. 

One advantage is claimed to be that there 

will be less wear on the wheelbrakes as 

well as on the tires. 

c. On some types of aircraft it is possible 

to operate the thrust reversers in flight 

as well as on the ~round, thus providing 

the pilot with an effective means for con

trolling the glide-path. 

Two types of thrust reversers for jet en

gines are shown in Fig. 6-24. In the case 

of engines with a high bypass ratio and 

separate hot. and cold nozzles, weight can 

be saved by merely reversing the fanstr~am. 

*The use of thrust reversers is generally 

not allowed in defining the certificated 

field performance, cf. Section 11.7. 
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The thrust of the hot gases will thus be 

eliminated, which makes for a simple sys

tem (Fig. 6-25). 

Fig. 6-23 shows the maximum percentage of 

engine thrust which may be reversed when 

using different systems. A typical value 

would be 45 per cent. Thrust reversers are 

designed by the engine manufacturer or by 

specialist firms. The following points are 

of importance to the airplane designer: 

a. The weight of the reverser system in

stallation is considerable and increases 

with the bypass ratio. It is generally of 

the order of 15 to 20 per cent of the bare 

engine weight. 

b. There should be the necessary space to 

fit the system and this will often entail 

a lengthening of the nacelle. 

c. The loss in thrust and increase in fuel 

consumption resulting from the use of the 

system may amount to 1 or 2 per cent in 

cruising flight. 

d. Precautions should be taken against 

overheating and excitation of parts of the 

aircraft by the diverted hot gases. 

e. At low speeds the gases which are di

verted in a forward direction may enter 

the inlet duct, resulting in overheating 

of the engine. The likelihood that this 

will take place increases with the effec

tiveness of the reverser system. When four 
engines are mounted on the wings there is 

also a possibility ·that the gases of one 

engine will enter the inlet duct of the 

adjacent engine. For this reason, thrust 

reversers are only activated above a cer

tain critical speed of about 40 to 70 knots 

(cancellation or cut-off speed). The can

cellation speed will generally be lower 

for engines at the sides of the rear fuse

lage. 

With the very high bypass ratios which may 
be used in the future, the conventional 

thrust reverser system will be inadequate 

and too heavy. Several firms have designed 

fans with variable blade adjustment (Fig. 

6-26). Apart from other advantages (cf. 

Section 4.4.3.a.), it is possible tore

verse about 60 per cent of the thrust by 

turning the rotor blades to a negative 



OPTIMUM FOR THE LOCKHEED 1011 , ACCORDING TO SAE PAPER NO. 180888 : 

(•4° . . ,•2°, x:r. 1.850 . Z= .950 

Fig. 6-20. Typical installa
tion of ·a wing-mounted, high
bypass-ratio engine pod 

Fig. 6-21. General Electric CF-6 engine in
stallation on the McDonnell Douglas DC-10 wing 
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Fig. 6-23 . Reverse thrust of bypass en
gines (Ref. 6-45) 

A Ct..te.d• T'YJ)e' Thru1t Reverwr 

8 Tt.rqf't Typtt Thrust Reverser 

Fig. 6-24. Thrust reverser configura
tions for single-flow jet engines (Ref. 
6-43) 

Fig. 6-22. Reduction of the landing run due to thr ust reverser action 
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Fig. 6-26. Proposal for reverse thrust on a 
variable - pitch fan by Dowty - Rotol 

pitch angle. Accora~ng to the manufacturer 
it will also be possible to reverse the 
thrust at very low speeds . This system ac
counts f or only 8 per cent additional en-
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---
Fig. 6-25. Thrust 
reverser and spoil
er for a high by
pass ratio engine 
(Rolls-Royce RB 2il) 

Fig. 6-27. A~U installation in the Boeing 
747 rear fuselage 

gine weight. 

In the case of propeller aircraft it is 
possible to obtain negative thrust by 



changing the angle of pitch of the propel

ler blades from positive to negative. This 

requires a hydromechanical system which is 

operated by means .of the throttle and en

sures that the fuel supply is adapted to 

the blade angle. Negative thrust may also 

be used for reverse travel on the ground. 

The braking thrust of propellers (on pis

ton engines) can be calculated by using 

the data given in Ref. 6-47. 

6.6.2. Auxiliary Power Units (APU) 

Almost every new transport aircraft is e

quipped with a relatively small gas tur

bine, which supplements the main engines 

for the following purposes. 

a. Supplying pressurized air and power for 

operating the air conditioning system 

while the aircraft is on the ground. 

b. Supplying power for the electrical sys

tem. 

c. Starting the main engines. 

d. Supplying for maintenance work outside 

the hangar. 

The APU may, in principle, also be used 

for the pressurization and air condition

ing systems dur1ng the takeoff, or as an 

emergency power supply for the electrical 

system during flight. This requires sepa

rate certification. 

The principle advantage of the APU is that 

it makes the aircraft independent of power 

supplies at airports and so increases its 

flexibility. Since no auxiliary ground e

quipment is required, the aircraft ismore 

easily accessible for embarking and disem

barking passengers, as well as for servic

ing purposes, and comfort during stops is 

also improved. The APU will inevitably in

crease the empty weight, complexity and 

initial price, but in spite of this even 

small business jets are also optionally e

quipped with an APU. 

Up to a certain point the choice of the 

APU is subject to the same factors as those 

which apply to the main engines. An assess

ment can be made from the few standard 

types which are offered, but in many cases 

the requirements are such that a new unit 

will have to be designed by a specialized 

(engine) manufacturer to fit the project. 
Table 6-3 presents a survey of the main 

AIRPLANE TYPE BOEING 727 BOEING 747 

APU MODEL GTCP 85-98 GTCP 660-4 

MANUFACTURER AiResearch AiResearch 

WEIGHT - DRY 290 lb 543 lb 

INSTALLED (132 kg) (246 kg) 

600 lb 1110 lb 

(272 kg) (503 kg) 

POWER 450 hp 2500 hp 

AIR FLOW CA- 110 lb/min 527 lb/min 

PACITY (50 kg/min) (248 kg/min) 

MTBUR* 1955 h 1980 h 

*Mean Time Between Unscheduled Removals, time 

period Jan.-Sept. 1970 

Table 6-3. Main characteristics of two APU 

installations (Ref. 6-54) 

characteristics of two units. From this we 
may deduce that the installed weight of 

the APU is fairly high. This is mainlydue 

to the sound-proofing required and to the 

inlet and outlet ducts. Although theweight 

only amounts to roughly .5 per cent of the 

empty weight, its effect on the location 

of the center of gravity should not be un

derestimated, because the tail of the fuse

lage is generally the best location for 

the APU for the following reasons: 

a. As a rule, there will be sufficient 

space in the tail of the fuselage and a 

drastic adaptation of the rear fuselage 

can be avoided. 

b. The APU should be isolated from the air

craft by means of a firewall; in the tail 

of the fuselage this can be done at little 
expense in weight. 

c. The engine gases can easily be exhaust

ed into the open air. 

d. The location of the installation in the 

rear of the aircraft gives the designer 

some freedom in the choice on inlet and 

exhaust, which leads to a reduction of the 

noise level of the APU. 

e. Accessibility is good, particularlywhen 
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the APU is mounted inside the rear extrem

ity of the fuselage. 

This location may have certain disadvan
tages: 

a. With the engines mounted on the wing a 

separate fuel feed to the rear fuselage 

will be required. 

b. Noise levels are high near passenger 

doors located in the rear fuselage. 

Fig. 6-27 shows an example of an APU in

stallation. 
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Possible alternative locations are as follows: 

a. In the case of a high-wing aircraft with the 

landing gear attached to the fuselage, the stream

line fairi"'ngs housing the retracted gear. 

b. Any appropriate space near the centre-section 

of the wing and the main landing gear wheelbay. 

In the case of large aircraft it may become feasi

ble to install two APUs in order to increase the 

regularity of the service. In this case it would 

appear sui table to place them in streamline bodies 

at the wing trailing edge, since these would act 

as "Whitcomb bodies" and so increase the drag-rise 

Mach number, as on the G~neral Dynamics CV-990. 



Chapter 7. An introduction to wing design 

SUMMARY 

The basic requirements for wing design are associated with performance and operational 

aspects, flying characteristics and handling, structural design and considerations of 

general layout design. 

Conditions are derived for optimizing the wing loading of long-range aircraft and com

pared with constraints on the wing loading imposed by low-speed performance requirements, 

available tank volufue and buffet margins for high-speed aircraft. 

The information on stall handling requirements, stall characteristics of airfoil sec

tions and stall progression on wings is applicable to all conventional wing designs. 

Radical differences are shown between low-speed and high-subsonic aircraft with respect 

to planform shape and airfoil section design. 

Definitions of critical Mach numbers are discussed and an approximate method ispresented 

to find combinations of wing sweep and thickness ratio to attain a specified high-speed 

Mach number. Low-speed problems of swept-wing aircraft are dealt with qualitatively. 

An assessment of high-lift technology is followed by recommendations regarding the ar

rangement of ailerons and spoilers and the choice of the dihedral and the wing/fuselage 

incidence, together with some considerations relating to structural design. 
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NOMENCLATURE 

A - aspect ratio of wing 
b - span (no subscript: wing span); 

D 

width 

- drag coefficient of aircraft 

- profile drag coefficient 

- mean value of Cop for variable air-
craft components 

- vortex-induced drag coefficient 

- zero-lift drag coefficient 

- aircraft lift coefficient 

- CL in flight condition with horizon-
tal fuselage reference line 

- dCL/da, lift-curve slope 
- pressure coefficient 

- cp in incompressible flow 
- thrust specific fuel consumption 
- chord (no subscript: wing chord) 

- two-dimensional profile drag coeffi-
cient 

- two-dimensional lift coefficient 
- two-dimensional pitching moment co-

efficient 

- drag 

ffix - drag area of fixed aircraft compo
nents 

- acceleration due to gravity 
- takeoff height 

- angle of incidence of wing relative 
to the fuselage reference line 

Kg - gust allevia~on factor 

kto - factor of proportionality for the 
t'!keoff distance 

L - lift 
L.E. - leading edge 
M - Mach number 

Mer - critical Mach number 
McrD - drag-divergence Mach number 

McrL - lift-divergence Mach number 
~ - Design Diving Mach number 
~0 - Maximum Operating Mach number 

Mm 

- component of M normal to the lead
ing edge 

- M referred to undisturbed flow con
ditions 

M* - equivalent Mach number character-
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izing the extent of supercritical 
flow in the design condition 

- number of engines 

n 

p 

q 

q,. 

s 

- load factor • L/W 
- to~al static (equivalent) engine 

power of all engines at sea level 
- ambient pressure 

- p at sea level 
- p of undisturbed flow 

- dynamic pressure = \pV2 

- q of undisturbed flow 
-area (no subscript: wing area); 

distance 

sto - takeoff distance 
Tto - static takeoff thrust of all engines 

at sea level 

T.E. - trailing edge 

t - (maximum) thickness of an airfoil 
section 

V - flight speed 

VD - Design Diving Speed 
VE - Equivalent Air Speed (EAS) 

VMO - Maximum Operating Airspeed 

VNE - Never-Exceed Speed 
VS - minimum speed in a stall 
v 2 - takeoff safety speed 
W - aircraft weight 
wE - design gust speed (EAS) 
a - angle of attack 

at0 - zero-lift angle of attack of a sec
tion 

- change in wing zero-lift angle of 
attack per degree of positive 

twist 
r - wing dihedral 

y ratio of specific heats of air 
1!. - increment 

o - relative ambient pressure = p/p0 

£ - wing twist 
a - relative ambient temperature 

(static) temperature divided by 

temperature at sea level 
- angle of sweep 

- wing taper ratio 
- density of air 
- p at sea level 

- relative density = p/p0 

- vortex-induced drag factor; scaling 

factor 

Subscripts 
BO - buffet onset 
BP - buffet penetration 



cr - cruising flight; critical 
f - fuselage; flap 

fix - fixed aircraft components 
h - horizontal tailplane 
n nacelle(s); normal to leading edge 
r - wing root 

7.1. INTRODUCTION AND GENERAL DESIGN RE
QUIREMENTS 

The following basic requirements form the 
point of departure for wing design. 
a. The aircraft must satisfy the perform
ance figures laid down in the design spec
ification and within these limits it must 
achieve the best economic yield and oper
ational flexibility. 

b. Flight characteristics must be satis
factory both at high and 'iow flying speeds, 
at high and low altitudes and in the var
ious configurations (flap angles, power 
settings). 

c. It must be possible to design a struc
ture within the external lines and the gen
eral arrangement which satisfies demands 
regarding strength, rigidity, weight, serv
ice life, accessibility, development and 
manufacturing costs. 

d. Sufficient space must be provided for 
fuel and to permit the attachment and re
traction of the main undercarriage. 

Whether or not all requirements can be 
satisfied also depends on various other 
factors, such as the engine thrust (power) 
and fuel consumption, the design of the 
empennage, the weight distribution, etc. 
Each project will differ in the degree of 
freedom available to the designer to make 
a chuice from the opportunities available 
to him. It is, for example, common prac
tice to choose the type of powerplant at 
a fairly early stage of the design, but it 
may b9 necessary to compromise on the wing 
design as a result. As against this, it is 
very likely that the design of the tail
plane will not be started until the wing 
design has been established. 

t wing tip 

to - takeoff 
v - vertical tailplane 
var - variable aircraft components 
w - wing 

a. Performance requirements. 
These may be subdivided as follows. 
1. Minimum requirements and rules for es
tablishing the performance relating to the 
safe operational use of the aircraft. Most 
of these are laid down in the airworthiness 
regulations and any concessions in this 
field are generally not permitted. 
2. Design requirements laid down in the de
sign specification, relat.ing to the trans
port capacity and such aspects of economic 
operation as cruising speeds and a range 
of cruising altitudes, maximum range with 
iull payload and airfield performance (run
way length and elevation). When it appears 
to be impossible to meet all requirements 
simultaneously, it may be necessary to re
consider the choice of the powerplant or 
revise certain demands. 
Chapter 5 presents a methodology for find
ing combinations of wing loading, aspect 
ratio and maximum lift coefficients with 
flaps deflected, which permit the perform
ance goals to be achieved. The results 
still have to be evaluated and a choice 
must be made from a large number of pos
sibilities. 

This chapter is intended to form a link 
between the initial performance feasibility 
study and the final stage where a fairly 
complete performance assessment is carried 
out fur one or more configurations. The 
choice will be narrowed down by considera
tions of optimization, available high-lift 
technology and structural weight, etc. The 
use of statistics (see for example the data 
in Table 7-1) is probably not essential if 
enough time is available to investigate 
many possibilities. However, designing un
der the constraint of insufficient time a
vailable for a thorough job may greatly 
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simplify the designer's task in the more 

usual case where he is expected to be fin

ished even before he has had an opportuni

ty to recognize the important problems. 

b. Flying qualities. 

The following flight characteristics are 

particularly affected by wing design: 

l. Stalling speeds and handling of the air

craft prior to and during the stall. The 

stalling speed is determined by the wing 

loading and the maximum lift coefficient, 

the stalling behavior by the planform, air

foil section(s) and twist. 

2. The phenomenon of buffet on high-speed 

civil aircraft, which should be experi

enced only occasionally, i.e. during ma

neuvers or in gusty weather. 

3. High-subsonic aircraft may inherently 

suffer from several types of longitudinal 

instability (tuck under, speed instabili

ty), lateral-directional stability problems 

(poor Dutch roll damping, wing drop or wing 

rocking), and lateral control deficiencies 

(aeroelastic deformation at high EAS, air
craft dynamics at high lift) . 

In the case of low-speed aircraft the pro

posals drawn up by the preliminary design 

engineer may be quite adequate to obtain 

inherently good flight characteristics. 
However, opportunities to provide high

speed aircraft with good low-speed flight 

characteristics are often conflicting, 

while in addition theoretical methods to 

ensure accurate prediction of flight char

acteristics are lacking. In this case the 

final wing design will of necessity be 

made at a stage where the wind tunnel can 

be used, while the completion may even take 

place during the period of flight testing. 

Artificial devices such as stick pushers, 

Mach trimmers and yaw dampers are usually 

indispensable on high-speed aircraft. 

c. The wing structure. 

The prerequisites for the good structural 

design of a wing for low-speed aircraft are 

usually present if the main members which 

introduce high loads (engine mountings, 

undercarriage supports, wing tanks) are 
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suitably arranged in relation to the prima
ry structure, so as to avoid complex mem

bers for the transmission of these loads. 

On high-speed aircraft the structural de

sign may be complicated by aeroelastic ef

fects - for example, various forms of 

flutter or aileron reversal may occur, 

wing twist induced by bending of the swept

back wing may cause reduced longitudinal 

stability. These snags can only be pre

vented by careful analysis and by such 

measures as shifting the aeroelastic axis, 

repositionir.g the powerplant and using 

high-speed ailerons and spoilers. The ob

jective of preliminary structural wing de

sign is to provide a good point of depar

ture for the detailed design. 

Small variations in the wing shape may sometimes 

have far-reaching effects in all areas. Design re

quirements differ from project to project and they 

are frequently conflicting. Since most aspects of 

wing design are closely related, a good syntnesis 

is only arrived at after consultation with various 

specialists. No attempt has therefore been made to 

present this chapter as a kind of "universal de

sign procedure". Wing design is a highly iterative 

process, particularly in the preliminary stage; 

the following comments may help to speea it up. 

1. It is often convenient to make a distinction 

between: 

-wing size (area), 

-basic wing shape (planform, sections, twist), and 

- high-lift devices. 

Wing size and high-lift performance are closely 

related to performance, while shape parameters 

primarily affect the stalling properties. The as

pect ratio spoils the simplification, it is a 

shape parameter affecting performance. 

2. In the case of low-speed aircraft it is probably 

best to determine the aspect ratio first. The wing 

loading and type of high-lift devices are dealt 

with next, and the basic shape is finally evalu

ated mainly on the basis of the stalling charac

teristics. Small variations in the wing size have 

only a minor effect on the stalling characteristics. 

3. In the case of high-speed jet aircraft the span 

loading and wing loading may be tackled first, 

using Sections 7. 2. and 7. 5. 4. as background in

formation; the aspect ratio will be found from this. 

Short-haul transports usually have a wing loading 



based on field performance and the type of wing 

flaps must be decided at an early stage. The em

phasis lies on cruise performance in the case of 

long-range aircraft and the criterion in Section 

7.2.1. is fairly decisive in this respect. 

4. The wing sweep and mean thickness/chord ratio 

of high-subsonic aircraft are based primarily on 

the Mach number in high-speed flight. Various com

binations are possible, and the combination of 

winq span, root thickness ratio, sweep and taper 

should be checked against statistical data on can

tilever ratios. 

5. on high-subsonic, long-range aircraft the high

lift configuration is likely to be decided after a 

satisfactory wing shape for high-speed flight has 

been obtained. 

6. A final check on low-speed performance, fuel 

tank volume and buffet margins may lead to correc

tions of the wing area which have only minor ef

fects on high-speed performance. 

The data in Table 7-1 may be useful at every stage 

of the design. 

7.2. WING AREA 

The choice of the wing area is mainly based 

on performance requirements, although 

structural (weight) aspects are by no 

means unimportant. In performance consid

erations the wing area usually appears in 

combination with the All-Up Weight (wing 

loading, W/S). 

The choice of the wing area is important 

for laying down the cruise conditions on 

which the choice of the wing shape will 

primarily be based. The wing loading is 

subject to optimization from the point of 
view of minimum fuel consumption and to 
constraints imposed by other criteria. The 

final choice of the wing area will be de

cided by the aerodynamic performance of 

the high-lift system (Section 7.6.). 

7.2.1. Wing loading for optimum cruising 

conditions 

The primary variables affecting cruise per
formance for a given aircraft geometry are 

the cruising speed and altitude. Conditions 

have been derived in Section 5.4.2. for 

which the parameter ML/D~ is maximum, cor

responding to an optimum cruising speed 

and altitude (see Fig. 5-10). In the case 
of a specified cruising speed, the design

er will try to find the best combination 

of wing loading and cruise altitude so 

that minimum operating costs can be a

chieved. A simplified example of a rep

resentative wing sizing study has been 

discussed in Section 5.5.3., where it was 

concluded that for the long-range aircraft 

project considered there the condition for 

minimum drag is representative of the min

imum takeoff weight (see Fig. 5-19). As 
the direct operating costs are approximate

ly proportional to the MTOW, it may be ar

gued that the lift/drag ratio at a given 

cruising speed is a fair indication of the 

optimum design for long-range aircraft. 

In order to get some insight into the major 

factors involved, simple generalized re
sults may be obtained by assuming the air

craft's wetted components to be composed 

of two major groups: 

a. "Fixed" components, which are assumed 

to be unaffected by variations in the wing 

size. The fuselage is an example of this 

group and, in the case of a fixed·engine 

type, this also applies to the engine in

stallation and the nacelles. The total 

profile drag area of these items will .be 

denoted as ffix' 

ffix = L(CD s) fix (7-1) 
p 

b. Variable components, the size of ~hich 
is affected directly by variations in wing 

size, e.g. the wing itself and the hori

zontal tailplane. Their profile drag co

efficient will be 

L(co s) var 
__ E.._ 

s 

assumed constant: 

(7-2) 

*This parameter is a fair indication of 

the cruise fuel required, provided the 

corrected specific fuel consumption CT/18 
is approximately independent of the alti

tude and Mach number. 
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In what follows we will arbitrarily assume 
the fuselage; vertical tailplane and na
celles as fixed items and the wing and hor
izontal tailplane as variable items. The 
horizontal tailplane area is assumed pro
portional to the wing area, and.allowance 
is made for roughness and interference 
drag by using suitable multiplication fac
tors. Thus we have: 

ffix = (cop s) f+ (cop s) v+ (cop s) n 

sh 
(co ) + (co) s 

p w p h 

(7-3) 

(7-4) 

while it is assumed that both ffix and 
Cop are independent of s. These assumptions 
can be interpreted as a linearization of a 
curve of wetted area vs~ wing area (Fig. 
7-1), which is valid in a limited range of 
wing area variations. 

< w a: 
< 
Q 
w 
1-
1- -w s: 
.... 
i! 
~ 

t 
-WING AREA 

Fig. 7-1. Linearization of the wetted area 
with wing area variation 

It should be noted that the present considerations 

are strictly valid only for the conventional gen

eral arrangement of aircraft, where the payload is 

contained by the fuselage, the wing contains (most 

of) the fuel, and the engines are installed in 

pods. The example in Section 2.3.2. (Fig. 2-13) 
shows that aircraft of entirely different concep
tions may nevertheless have essentially similar 

range performance, provided their wetted area (or 
internal volume) and span loading are equal. 

The drag coefficient at the design cruising 
CL may now be written as follows: 

f c 2 
+ fix + L 

s iTlG (7-5) 
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where the last term represents the vortex
induced drag. In this relation CL-varia
tions are effected by variations in the 
wing size and the factor , is not identi
cal to the Oswald factor. It is assumed 
that all profile drag contributions can be 
minimized for the cruising condition to 
an approximately constant value by suita
ble design, notably camber and twist. 
In horizontal cruising flight the drag/ 
lift ratio may be obtained from (7-5): 

_Q= C ..2__+~ \y~M2 + 1 W C ~ pS f p~ 
CL Dp W W ljy~M2 TIA, p0S 

(7-6) 

Fig. 7-2 gives an example of the effect of 
wing loading and cruise altitude on the 
L/D ratio. It can readily be shown that 
for a given altitude the L/D ratio is max
imum if the wing loading is defined as 
follows: 

(p:s)opt ljy~M\; CD TIA, 
p 

(7-7) 
and the minimum drag is therefore: 

(7-8) 

Equations 7-7 and 7-8 show that the maxi
mum L/D ratio increases with increasing 
aspect ratio, provided the wing loading 
and cruise altitude are allowed to increase 
accordingly. For a given value of A, flight 
at higher altitude requires the wing load
ing to be reduced. 
Substitution of typical values Co = .0095 . p 
and rp = • 95 into (7-7) yields a simple 
guideline for the optimum lift coefficient 
for long-range flight: 

CL = .17 .fA 
opt 

(7-9) 

resulting in an optimum wing loading, which 
is related to the span loading W/b 2 as fol
lows: 

(p:s) opt 
.014 (7-10) 



Note that this condition applies to a re

presentative mean All-Up Weight. 

The well-known condition for minimum drag (con

stant wing loading): 

(7-11) 

resulting in 

(~:tn 
c;;-' CD + ffix15 

2\ 
0 2\ 'lfAIP = 11Aa> 

(7-12) 

is obtained at a cruising altitude defined by: 

(7-13) 

The curves for constant L/D in Fig. 7-2 have not 

been drawn for higher altitudes as in this region 

CL is too high and the same performance can be ob

tained for l...)Wer CL at a lower altitude. 

An absolute optimum for the wing loading 

and altitude cannot be obtained from these 

considerations as conditions (7-7) and 

(7-11) are incompatible and L/D continues 

to increase with altitude. However, in the 

case of a fixed powerplant, the cruising 
altitude is limited by the available thrust: 

w 
p0 S 

..!.)-1 
ow 

Fig. 7-2. Example of the 

effect of wing loading and 

cruise altitude on the 

lift/drag ratio for a high

subsonic long-range jet 

transport aircraft 

(7-14) 

Since we know from gas turbine theory that 

in an isothermal atmosphere* T/o is con
stant for a given engine rating and Mach 

number, we obtain a thrust boundary in the 

W/S-o diagram as indicated in Fig. 7-2. The 

following "optimum" wing loading and cruise 
altitude are now obtained from (7-7), (7-8) 

and (7-14): 

2 CD 

(p:s)opt = --T--~T~t-o---2~~-f~f-~-.x--~P-o 
oTto w- vM2 - ----w---

(7-15) 

(7-16) 

and the highest obtainable L/D ratio for a 

given powerplant is: 

ffi~ Po/ (sTTto T~ojl 
(7-17) 

*This condition simplifies the analysis, 

but the results are essentially similar 
for other atmospheric models. 
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where T/(6Tt0 ) is defined by the engine 
rating and M, as shown in Fig. 6-3b, for 
example. A similar thrust boundary can be 
derived for propeller-driven aircraft. 

Referring back to the example in Fig. 7-2 
and to (7-15) through (7-17), we can make 
the following observations: 
1. High-speed aircraft have a high optimum 
wing loading due to the high dynamic pres
sure. This tendency is counteracted by 
flying at high altitudes where the ambient 
pressure and density are low. 
2. If the optimum condition is defined for 
a given altitude, the L/D ratio is unaf
fected by relatively large variations in 
the wing loading. If a constrained optimum 
is defined along the thrust boundary, to 
be obtained by optimizing the altitude for 
each wing loading, the L/D ratio is much 
more sensitive to wing loading variations. 
3. For a given cruise altitude the optimum 
wing loading increases with the aspect ra
tio, whereas according to (7-15) the "ab
solute" optimum is not affected by this. 
Both the best cruising altitude and the 
maximum L/D ratio increase sensitivelywith 
increasing aspect ratio. 
4. For a given cruise altitude the size of 
the aircraft, represented by W/ffix' does 
not affect the optimum wing loading, con
trary to the "absolute" optimum, which is 
defini.tely affected. For example, if the 
aircraft is stretched in such a way that 
W/ffix decreases, the optimum wing loading 
increases and the altitude decreases. The 
opposite is true if the fuselage is 
shortened, as demonstrated by the Boeing 
747 SP variant. 
5. Aircraft with high bypass engines have 
relatively low values of T/(6Tt0 ) due to 
·the thrust decay with speed. Their optimum 
cruise altitude is low and the wing load
ing high, although this effect is partly 
cancelled by the relatively low thrust 
loading required for adequate low-speed 
performance. 
Obviously, all conclusions stated are val
id on the condition that the simplifying 
assumptions mentioned previously are real-
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7.2.2. Wing loading limits and structura1 
aspects 

The possibility of choosing a wing loading 
resulting in optimum cruise performance is 
usually restricted by certain limiting 
factors, associated with performance and 
operational aspects (see Chapter 5). An 
example of the effect of such a limit is 
depicted in Fig. 7-3, which shows that an 

TAKEOFF / 
DISTANCE .,..../ ..,. 

-:><c 
- WING LOADING 

Fig. 7-3. Effect of a performance con
straint. on the takeoff weight 

increase in the wing loading results in a 
decreasing takeoff weight up to a point 
where tne takeoff field length requirement 
becomes critical. A larger engine must be 
chosen or a more complicated flap system 
designed if the wing loading continues to 
increase, resulting in B progressive take
off weight incr.ement. In addition, consid
erations associated with structural weight. 
reduction may bias the designer's decision. 

a. Takeoff field length. 
The takeoff distance required is approxi
mately proportional to the sum of the ki
netic and the potential energy at the take
off height and to the thrust loading. For 
jet aircraft: 

(7-18) 

The constant of proportionality kto is 
primarily dependent on the type o( opera
tion - reflected in the airworthiness 
rules - the number of engines, the bypass 
~atio and the size of the aircraft. The 



designer may derive kto from statistical 
data on existing aircraft or from calcula

tions of the type discussed in Section 

5.4.5. A typical result is kto = 2.2, 2.0 
and 1.8 for twin-, three- and four-engine 

transport aircraft, respectively. For pro

peller aircraft the power loading must be 

used instead of the thrust loading. 

The limitation in the takeoff safety speed 

v2 can be translated into a wing loading 

limit as follows: 

{7-19) 

where minima for v2;vs are specified in 

the regulations. 

It is noted that the performance of the 

high-lift system* has an appreciable ef

fect on the wing loading limit {see Sec

tion 7.6.). 

b. Landing field length. 
A semi-empirical method for estimating the 

wing loading limit to cope with a speci

fied landing distance is derived in Sec

tion 5.4.6. Suitable design of the high

lift system is again a powerful means for 

attaining the optimum wing loading. For 

long-range aircraft this requirement is 
usually not critical in view of the rela

tively low landing weight {see Section 

8.2. 4.). 

c. Fuel tank volume. 
The internal volume of a wing of given 

shape is proportional to s312 and the a

vailable fuel tank volume thus decreases 

rapidly with increasing wing loading. In 

the example in Fig. 5-19 it was shown that 

for the long-range aircraft considered this 

condition determines the wing area. 

An approximate wing area limit for a given fuel 

quantity may be obtained with Appendix B, Section 

B-3. Preliminary estimation of the fuel weight has 

been discussed in Section 5.4.2., while data on the 

specific gravity of fuel are given in Table 8-14. 

It should be noted that the internal wing volume 

*cLmax in {7-19) refers to the flap de
flection angle for takeoff 

can be increased by increasing the sweepback an

gle, resulting in a thicker wing for a given high

speed design condition (see Section 7. 5. 4a. ) • 

d. High-speed buffet boundaries: transport 
aircraft. 

Limitations to the wing loading can be de

rived from the requirements in Section 

7.5.2b., provided the lift coefficients 

for buffet onset CLso and for maximum buf

fet penetration CLsp are known. The maneu
ver requirements will limit the wing load
ing or the cruise altitude as follows: 

W/S 
' .538 6M2 c {n 

Po LBO 
1.3) (7-20) 

and: 

~ ' .438 6M2 c (n 
Po LBP 

1. 6) (7-21) 

Assuming a gust alleviation factor of • 8. 

and using (7-23), it can readily be shown 

that a specified gust speed of 41 ft/s 
(12.5 m/s) can be coped with if the wing 
loading is limited as follows: 

(7-22) 

For a given wing shape, these buffet bound

aries are a function of the Mach number on

ly. The lift-curve slope is a function of 

the Mach number, the aspect ratio and the 
sweepback angle (see Appendix E, Section 

E-4.1.). It is obvious that the various 

limits can be determined only after design 

of the wing shape and prediction of the 

buffet boundaries. 

e. Same structural aspects. 

Variation of the wing area will obviously 

entail a variation of its structural 

weight. It is obvious that the wing load
ing resulting in a minimum All-Up Weight 
will therefore be higher than that for the 

best range performance, provided other de

sign considerations do not impose con

straints on the optimum. This influence of 

the wing structure weight is particularly 

pronounced in the case of short-range arr-
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craft, where the emphasis lies on reducing 

the empty weight and fuel economy is of 

secondary importance. 

The size and takeoff weight of the largest 

transport aircraft have increased steadily 

since the dawn of aviation. Whereas the 
aircraft with which the Wright brothers 

made their first powered flight had a wing 

loading of only 1.5 lb/sq.ft (7.3 kg/m2}, 

the loading amounts to a hundred times this 

figure for modern transports like the 

McDonnell Douglas DC-10 (see also Fig. 1-6}. 

The effect of aircraft growth on the empty 
weight has been the subject of many theo
retical considerations, based on the square

cube law. Applying this law to the aircraft 

structure, it is concluded that when its 

linear dimensions are enlarged by a scale 

factor w, the wing area will be increased 

proportional to " 2 , but the volume- and 
hence the structure weight - will increase 

by ~ 3 , provided the specific density and 

stress level of the structural material 

are constant. If the wing loading is as

sumed constant, the All-Up Weight will in

crease proportional to ~ 2 and consequently 

the structure weight grows more rapidly 

than the All-Up Weight. A point will be 

reached where the aircraft is unable to 

"' :5 100 

3 

. . 

10' 

carry more than the structure and no mar

gin is left for useful load, engines or e

quipment. F.W. Lanchester (1868-1946} drew 

attention to this difficulty in the early 

1900s and several others have made (widely 

divergent} predictions of a practical lim

it to the size of aircraft. 

The square-cube law is based on many sim

plifying assumptions and has been defeated 

by the ingenuity of designers. Aircraft 

will not be scaled up according to a geo

metric similarity and stress levels have 

increased considerably. Nevertheless, the 

actual wing structural weight fraction 
will tend to increase ~ith the size of the 

aircraft, unless the wing loading is in
c~eased (Section 8.4.1.}. A statistical 

plot (Fig. 7-4} shows that for propeller 

aircraft the wing loading trend increases 

in proportion to w113 , while for jet air

craft it is approximately proportional to 

w115 . From other staListical material it 

can also be observed that the cruising 

speed of propeller aircraft increases con

siderably with size, as opposed to jet 

transports which usually operate at high
subsonic speeds where the flight Mach num

ber is limited by compressibility effects. 

10' 
kg 

• propeller aircraft 

e jet aircraft 

.a supersonic transports 

10' 

10' 

10~~~~~~~L1~~L-----~--~~~--~~-L~~~~-------L----~--~-L~~~~1J.o 
••1 1 Takeoff Weight- lb 

Fig. 7-4. Wing loading trends. 
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The wing size not only has a direct influ
ence on the structural weight, it also af

fects the gust loads. This is observed 

from the normal load factor resulting from 

a sharp-edged gust velocity: 

(7-23) 

where Kg is a gust alleviation factor 

which is mainly dependent on the altitude 

and the wing loading. Since the weight of 

the wing is approximately proportional to 

In, a high wing loading is favorable for 

achieving a low structural weight, provid
ed the gust load is the deciding factor 

for a critical load. Apart from the weight 

aspect a reduction of gust loads offers 

the occupants a smooth ride when flying 

through turbulent air. 

7.3. SOME CONSIDERATIONS ON LOW-SPEED 

STALLING 

Although the stall is outside the normal 

pattern of transport flight, stall inci

dents occur from time to time. It appears 

that the probability of the occurrence of 

stall is one in 10 5 , but the probability 

of reaching the stall warning is between 
one in 102 to 103 (Ref. 7~103). Acceptable 

handling characteristics at the stall must 

therefore be shown during certification 
tests, while the outcome of flight tests 

also forms the basis for establishing the 

minimum flight speed(s). The regulatory 

requirements for stalling behavior are 

stated in FAR 23.201 through 23.207 (BCAR 

Section K Ch. K 2-11) for light aircraft, 

and FAR 25.201 through 25.207 (BCAR Sec
tion D Ch. D 2-11) for transport aircraft. 

These regulations stipulate that accepta

ble stalling behavior must be demonstrated 

in straight flight and in a coordinated 

turn, for the operational flap settings, 

center of gravity positions, undercarriage 
up and down and specified power. In addi

tion, satisfactory stall behavior must be 

shown during powered flight with one en
gine inoperative. 

The aim of this section is to provide some 

generalized guidelines for achieving a 

wing design with inherently acceptable 

stalling characteristics. It is emphasized 
that in the preliminary design stage the 
available methods to achieve this are 

rather limi'ted, particularly for swept

wing aircraft. The discussion is confined 

to the "conventional" type of stalling at 

angles of attack between about 10 and 20 

degrees, the wing shape being the major 

factor affecting this stall. Some remarks 

on post-stall behavior and deep-stall, 

relevant to a, restricte~ category of air
craft, are given in Section 2.4.2c. In 

that context the.shape df the wing is of 

limited interest only. 

7.3.1. Stall handling requirements and 

stall warning 

The purpose of specifying certain accepta
ble stall characteristics is to minimize 
the chance of an inadvertent entry into a 

stall and to ensure recovery from it if 

the pilot stalls the aircraft intentional

ly. Duri~g flight testing the aircraftwill 

also be deliberately stalled with fully 

throttled engines in order to establish 

the stalling speed, which constitutes the 

most important basis for the low-speed per

formance. 

a. Stalling behavior. 

During the standard stalling maneuver the 

engines are fully throttled and the eleva

tor control is pulled back so that the 

aircraft is decelerating at approximately 

1 knot/sec (.5 m/sec2). With the usual 

three control system it must be possible 

to produce and correct angles of roll and 

yaw by the normal (unreversed) use of the 

controls up to the moment when the stall 

becomes apparent. The stall should prefer

ably be characterized by a distinct and 

initially uncontrollable nose-down pitch

ing motion, and during recovery to level 
flight it must be possible to prevent an

gles of roll and yaw of more than approx

imately 15 degrees (light aircraft) or 20 
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degrees (transport aircraft). In addition, 
dynamic stall tests must be executed at 
higher rates of deceleration - up to 4 
knots/sec, 2 m/sec 2 - with engines oper
ating at specified power levels and with 
an inoperative engine. 

It is generally conceded that a 11 good stall" is 

non-existent and many attempts have been made to 

prevent stalling altogether by limiting the eleva

tor control power in such a way that the angle of 

attack for maximum lift can never be attained 

("stall proofing"). This approach is usually re

jected as the limited control power conflicts with 

other maneuverability requirements in unstalled 

fli9ht, and is difficult to achieve in practice in 

view of the differences in aircraft configuration. 

In addition, it results in degraded performance, 

and the conventional approach is therefore to mini

mize the consequences of a stall rather than pre

vent it altogether. 

b. Stall warning. 

The occurrence of a stall must be preceded 
by an appropriate stall warning in a range 
of speeds of about 10% EAS above the stall
ing speed, i.e. in a range of angles of at
tack between about 80% and 100% of the 
stalling angle. Large increases in eleva
tor control forces or control stick move
ments are generally unmistakable warnings. 
A gradually increasing, small amplitude 
oscillation in roll and pitch may also be 
acceptable, provided it is initially con
trollable by the pilot. Vibrations or 
buffeting of the aircraft and the control 
stick on approaching the stall are also 
considered adequate stall warnings, pro
vided they cause no danger of structural 
damage. 
Mechanical and electronic devices (stick 
shakers, warning lights, audible alarms) 
have been developed to provide stallwarn
ing when adequate characteristics cannot 
be made inherent to the design. A survey 
of the most common devices is presented in 
Ref. 7-75. 
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7.3.2. Design for adequate stall charac
teristics 

The stalling characteristics of an air
craft may be markedly different in varying 
conditions of flap setting and engine 
power, depending on the engine location rel
ative to the wing. Small variations in the 
external shape may have a great effect on 
stalling, as illustrated by Ref. 7-100, 
for example. Stalling characteristics can
not be predicted accurately by theoretical 
methods, while wind tunnel experiments 
have limited value in view of the effects 
of differences in the Reynolds number, 
surface roughness and structural details. 
An additional complication is that a de
sign criterion cannot be easily defined, 
as the requirements give a qualitative 
description (except for the limits on roll 
and yaw angles) and are to some extent 
open to differences in interpretation. 

Nevertheless, a few general principles can 
be given which permit the achievement of a 
basically good design by suitably shaping 
the wing, which is the primary element af
fecting the stalling characteristics, and 
carefully locating the horizontal tail
plane. The wing loading sets the stalling 
speed, while its planform, section shape 
and twist determine the initial occurrence 
and progression of the separation and the 
violence of the motions associated with 
wing stalling. The horizontal tail load 
will contribute to the desirable pitch
down behavior in a way which is determined 
primarily by its location relative to the 
wing (cf. Section 2.4.2.). Finally, the 
type of flow around the control surfaces 

in the condition of a stalled wing deter
mines the effectiveness of control deflec
tions while the pilot is trying to keep 
the aircraft on course. 
The progression of the stall can usually 
be predicted for straight wings of moder-



ate to high aspect ratio and the wing 

shape can be chosen so that its behavior 

will be satisfactory. These aims are much 

more difficult to achieve on swept wings, 

not only because of the marked three-di

mensional character of the flow, which is 

difficult to predict, but also because the 

shape of swept wings is usually dictated 

primarily by considerations of high-speed 

flight, with the result that the stalling 

properties of the basic wing may tend to 

be compromised. Where inherently accept

able characteristics cannot be achieved, 

some form of stall protection system may 

be adopted. These systems limit the max

imum usable angle of incidence by a large 

nose-down control input of short duration, 

counteracting the action taken by the pi

lot to produce higher angles of incidence 

("stick-pusher"). These devices are gen

erally incorporated on the basis of in
vestigations outside the field of prelim

inary aerodynamic design. 

7.3.3. Stalling properties of airfoil sec

tions 

The airfoil section is fundamental to wing 

design and much research has been done -

and will continue to be done - to corre

late the geometric properties of wing sec

tions to the stalling properties and the 
shape of the lift and pitching moment 

curves. Following the classical exposi

tion of McCullough and Gault (Ref. 7-74), 
three representative types of airfoil 

stall are considered: trailing edge stall, 

leading edge stall and thin airfoil stall. 

The course of events which determines the 

type of flow and the resulting lift and 

pitching moment curves is illustrated in 

Fig. 7-5. Although every airfoil cannot 

be classified uniquely in one of these 

stalling categories, the following des

cription of the aerodynamic phenomena is 

generally valid for most commonly used 
airfoils. 

TYPE I: TRAILING EDGE STALL. This type of 

stall is characteristic of most airfoil 

sections with thickness/chord ratios* of 
approximately 15% and above. The flow at 

large angles of attack is characterized by 

a progressive thickening of the turbulent 

boundary layer on the upper surface. As the 

angle of attack is increased to about 10 
degrees (B) flow separation starts at the 

trailing edge and moves gradually forward. 

This is associated with a decreasing lift 

curve slope, although initially the in

creasing lift near the leading edge is 

predominant and the lift gradient remains 

positive. A maximum lift coefficient of ap

proximately 1.5 is obtained on a symmetri

cal airfoil of 18% thickness when the sep

aration region reaches the mid-chordpoint 

(C) • Beyond maximum lift (D) the forward 

progression of separation continues at a

bout the same rate as prior to the stall, 

and the peak of the lift curve is rounded. 

The variation of the pitching moment with 

lift is smooth; there is no sudden break 

at the stall. 

TYPE II: LEADING EDGE STALL. Airfoils with 
thickness/chord ratios of about 9 to 12 

percent experience an abrupt separationof 

the flow near the leading edge. On these 
sections separation of the laminar bound

ary layer May occur well before the at

tainment of maximum lift and prior to 

transition to a turbulent boundary layer. 

Transition occurs in the shear layer thus 

formed, and the expansion of the turbulent 

motion spreads at such an angle that re

attachment of the flow quickly occurs, en

closing a "short bubble" and subsequently 

forming a turbulent boundary layer (B). 

The pressure distribution is affected by 

the short bubble only locally and the peak 

suction is not greatly altered by the 

short bubble, which is very small in com

parison with the wing chord. An increase 

of the angle of attack (C) moves the sep

aration point in a region of sharp airfoil 

curvature, so that the turbulent shear 

layer fails to reattach. At this critical 

incidence a complete disruption of the 

*Defined in.Appendix A, Section A-2.1. 
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flow occurs over the entire upper surface; 
the short bubble is said to burst (D) • The 
leading edg~ pressure peak collapses and 
the pressure is subsequently redistributed 
along the chord into a more or less 
flattened form which is characteristic of 
complete separation. 

The lift and pitching moment curves exhib

it abrupt changes when the angle of attack 

for maximum lift is exceeded. There is 
little or no rounding of the lift curve 

has been used to characterize the leading 

edge shape. The correlation shows that 
distinct areas are present where any of 
the three types of stalling dominates, but 

in addition certain airfoils show a com
bination of trailing edge and leading edge 
types of stall. The stalling characteris

tics are difficult to predict and very 

sensitive to minor variations in airfoil 
geometry. 

and a sudden negative shift of the pH·ch- The flow field around an airfoil with leading-edge 

ing moment resulting from the rearward and/or trailing-edge high-lift devices ("multi

shift of the centre of pressure is observed. element" airfoils) is considerably more complex 

than that of a basic section. Boundary layer sep-

TYPE III: THIN AIRFOIL STALL. On very thin 
sections of thickness/chord ratios of less 
than about 6 percent and on round noses a 

small separation bubble occurs at very 
small angles of attack (S). At a certain 
critical angle of attack the short bubble 

breaks down, bu~ the flow subsequently re
attaches downstream, forming a "long bub
ble" which causes a slight reduction in 
the lift-curve slope (B). With increasing 
angle of attack the point of flow reat

tachment progressively moves backward un
til it coincides with the trailing edge 
and maximum lift is reached at this con
dition (C). The lift curve is characterized 
by a rounded peak, while the pitching mo
ment curve shows a pronounced negative 
trend near ~ximum lift. 
The pressure distribution associated with 
a long bubble has a reduced level suction 
peak which extends over the length of the 

bubble. 

In addition to the three types of stall, 

various forms of combinations of trailing 
and leading edge stall can be observed. 
These are characterized by a semirounded 

or relatively sharp peak of the lift curve. 
The various types of stall should not be 

too closely allied to the thickness ratio. 
It has been shown by Gault (Ref. 7-81) 
that there is a relationship between stall
ing characteristics, airfoil nose geometry 

and Reynolds number. In Fig. 7-Sb the upper 
surface ordinate at 1.25 percent chord 

aration may occur on any of the airfoil components, 

there is a strong interaction of the flow aroWld 

these components and the resulting flow fields are 

very difficult to analyze. A theoretical predic

tion of the stalling characteristics of wings with 

flaps deflected has a very limited value in the 

preliminary design stage. Some comments on the ef

fect of trailing-edge flap deflection on the type 

of stall are made in Appendix G, Section G-2. 3. 

7.3.4. Spanwise progression of the stall 

If flow separation starts at the wing tip 
and progresses inboard, the stall is like

ly to be characterized by a violent roll 
without warning, as the stalled region 
exerts a large rolling moment. Adequate 
aileron control power may also be lost be
cause of the separation of the flow on the 
aileron. Nevertheless, a stall starting at 

the tip may be acceptable, provided the 
tip sections have a flat-top lift curve 
while the inboard sections have a sharp 

lift curve. In this case the wing tip 

maintains enough lift beyond the stall 
and large rolling moments are not generated. 

An initial stalling region near the wing 
root may result in a large wake hitting 
the horizontal tailplane - depending upon 
its location relative to the wing - thus• 

producing tailplane buffet. This may be 
considered as a desirable feature - if 
limited - on small aircraft, but it will 
be unacceptable if excessively violent 
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buffeting is likely to cause s~ructural 

damage. A stall confined to a limited in

board area will also be accompanied by 

large regions of unstalled flow, and this 

will generally result in an appreciable 

loss in maximum lift. In view of the ex

tra wing area required, the early root 

stall may not be an efficient solution for 

transport aircraft. In addition, the wake 

of the stalled inner wing may blanket the 

vertical tail and as a result rudder con

trol may be lost, resulting in a direc

tionally uncontrollable aircraft. A point 

in favor of root stalling is the resulting 

nose-down pitching moment which is caused 

by a decrease in downwash at the tail and 

the loss in lift over the forward part of 

a sweptback wing. 

A wing stall starting at about 40 percent 

s.emi-span is probably a desirable feature 

for transport aircraft. An increment of 

several degrees in the angle of attack 

should be required for the stall to prog

ress from the root to the tip in order to 

prevent the whole wing from stalling si

multaneously and aileron control being a

bruptly lost. 

The effects of wing/fuselage interference, 

the presence of outboard nacelles and the 

effects of slipstream may have a large, 

unpredictable influence on the stalling 

properties, as shown by several examples 

mentioned in the references. 

7.4. WING DESIGN FOR LOW-SUBSONIC AIRCRAFT 

The class of aircraft referred to as "low

subsonic" is interpreted as aircraft with 

an operational flight envelope which does 

not allow critical compressibility effects 

to occur up to the Design Diving Speed or 

Mach number. These dircraft have maximum 

level flight Mach numbers of less than a

bout M = .6 and dive Mach numbers of up 

to about M = .7, depending primarily on 

the wing thickness ratio. Straight wings 

can be used and the airfoil thickness/ 

chord ratio may be varied within certain 
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limits in order to obtain a favorable in
terplay netween 'aerodynamic and structural 

requirements. 

The term "straight wing" may be interpreted as a 

wing with zero sweepback of a spanwise '1Jke inter

connectinq correspondinq points at the tip and root 

sections, and must not be confused with the ter. 

"untapered wing". The aerodynamicist will favor a 

wing with zero sweepback of the quarter-chord line. 

as this considerably simplifies the aerodynamic 

analysis. However, the location of the wing root 

cannot always be freely chosen in view of consider

ations pertaining to the general layout or struc

tural design. In order to qet the airplane balanced 

it is necessary to find an optimum location of 1;he 

center of gravity relative ta>·the aerodynamic cen-'" 

ter. To this end, the aerodynamic center may be 

shifted backwards or forwards by applying sweep

back or sweep forward, respectively, while the cen

ter of gravity is shifted over a smaller distance. 

7.4.1. Planform 

The planform of a wing is defined as the 

shape of the wing when viewed from direct

ly above, as shown in Fig. 7-6. Planform 

is directly related to aspect ratio and 

prismatic 

c 
---L-~ 

prismatic mid•ection 

c 
straight-tapered 

STRAIGHT WINGS 

Fig. 7-6. Basic planform shapes for 

straight wings 



taper* and the main aerodynamic character

istics influenced by planform are the in

duced drag coefficient and the stalling 

characteristics. 

Great variations in the planform can some

times be observed in the final design com

promise adopted by different airplane de

signers, even though the design specifica

tions may be almost the same. The choice 

of the basic wing shape, however, to be 

made by the individual designer or design 

team, does not offer quite so much scope 

as might be expected after observing all 

the shapes which have been actually adopted 

on aircraft. Prior to a preliminary design 
effort, various design offices have gained 

experience with certain shapes, or may 

have carried out test programs to investi

gate aspects of aerodynamic performance, 

stability and control and structural de

sign. One or more acceptable conceptswill 
emerge from such a program, to be further 

evaluated during preliminary design. 

It is observed that nowadays there are bas

ically three forms of straight wings: the 

tapered wing, the untapered (rectangular) 

wing and the wing with a prismatic inner 

portion and a tapered outboard portion 

(Fig. 7-6). Tapered wings have been adopted 

for the majority of aircraft since they 

offer an efficient solution on account of 

their low induced drag, high maximum lift, 

low structural weight and good stowing pro

visions for the undercarriage. Acceptable 
stalling characteristics can be obtained, 

provided the wing is not too sharply 

tapered. 

The untapered wing is attractive from the 

point of view of manufacture, since only 

one airfoil contour is involved; this sim

plifies jigging as there are no compound 

curvatures. It is aerodynamically inferior 

to the tapered wing, but may nevertheless 

be the logical choice for inexpensive pri

vate aircraft, where the utilization fac

tor is low and initial cost and cheapness 

*The terminology used in this section is 

explained in Appendix A. 

of components are important. Untapered 

wings are well suited for the application 

of efficient full-span flaps, where the 

structural complication is outweighed by 

the relative simplicity of constant-chord 

flap segments. Untapered cantilever wings 

are generally of relatively low aspect ra

tio to save weight, but braced wings may 
have a high aspect ratio in spite of the 

absence of any taper (e.g. Short Skyvan). 

Wings with a prismatic inboard section 

have good aerodynamic characteristics and 

offer some advantages for the structural 

design and manufacturing of the mid-sec

tion, particularly in the case of twin-en
gine aircraft with wing-mounted nacelles. 

7.4.2. Aspect ratio 

The aspect ratio denotes the ratio of the 

wing span to the mean geometric chord. For 

a given wing area, it provides a direct 

measure for the wing span: 

(7-24) 

Instead of the aspect ratio, which deter

mines the vortex-induced drag coefficient, 
use is sometimes made of the span loading, 

which is related to A and the wing loading: 

W/S 
A"" (7-25) 

It can readily be shown that the span load

ing is a direct measure for the vortex
induced drag as a fraction of the weight, 

if the dynamic pressure is fixed. The span 

loading will therefore be a good criterion 

in design studies where the restricted 

field length imposes a limit on t~e stall

ing speed and the aim is to lift as high a 

takeoff weight as possible under the ad

verse condition of engine failure. This 

criterion will be used in Section 7.5.4. 

to make an initial choice of A and the span 

for jet-propelled transports. 

The climb requirements for propeller trans

ports work out slightly differently. Using 

the flight mechanics of Section 5.4.3., it 

can be shown that the parameter 
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is of primary importance here. The recip

rocal value of this factor is shown in 

Fig. 7-7 - where variations in CL-max are 

ignored - which may be used as an indica

tion for the minimum acceptable value of 

A. 

It is recognized that for wing loadings 

satisfying (7-7} the maximum L/D ratio and 

the range for given cruising speed are 

quite sensitive to A. Good range perform

ance may thus be obtained for a highly 

loaded, high aspect ratio wing, but an ef

ficient flap system will be required to 

ensure acceptable stalling speeds in this 

case. The concept of a high aspect ratio 

wing is therefore a logical one for trans

port aircraft where the emphasis lies on 

high cruising efficiency; however, sophis

ticated high-lift devices are inherent to 

this design concept. 

For light aircraft, the wing loading is 

usually fairly low, the complication of a 

sophisticated high-lift system generally 

being considered as undesirable by most 

manufacturers. Consequently, the optimum 

cruising speed for long-range flight may 
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Fig. 7-7. Recommended lower 

limit for the aspect ratio 

of propeller transports. 

be too slow to make it an attractive speed, 

particularly when the altitude is limited 

to some 10,000 ft (3,000 m}. These air

craft are usually flown at the maximum 

cruise rating and it can readily be shown 

that a large increase in A results in a 

relatively modest gain in speed and range. 

For example, increasing the aspect ratio 

of an aircraft with W = 3,300 lb (1,500 

kg}, S = 160 sq.ft (15m2}, P = 180 hp and 

c00 = .025 from 6 to 10 results in a speed 

increment at sea level from 128 knots (238 

km/h} to 134 knots (248 km/h} , a gain of 

only 4%. 

A high aspect ratio may result in a low 

drag in the landing configuration, which 

tends to flatten the approach glide, makes 

judgment of the landing point more diffi

cult to the pilot and gives the aircraft a 

tendency to "float" after the landing 

flare. In addition, a high aspect ratio 

wing does not favor good maneuverability 

in roll due to its large damping and the 
reduced effectiveness of the small-chord 

ailerons (Ref. 7-96}. 

In conclusion, moderate aspect ratios be

tween 7 and 9 are usually applied for twi·n

engine general aviation aircraft; for 

single-engine aircraft these values are 

usually somewhat lower, e.g. between 5.5 



and 8. 

7.4.3. Thickness ratio 

The desirable high aspect ratio for low
speed transport aircraft can be achieved 
only if sufficient structure height is a

vailable at the wing root, where the bend
ing moment during flight is maximum. In 
this connection use is often made of the 
cantilever or overhang ratio, which is 
defined as the structural wing semi-span, 
divided by the maximum root thickness. The 
expression for the wing weight in Section 

8.4.1. shows that the structural wing 
weight fract1on increases linearly with 
increasing cantilever ratio, provided all 

other parameters remain constant. 
The cantilever ratio is plotted in Fig. 

7-8 for aircraft of various weight cate

gories. Transport aircraft usually have 
values of between 18 and 22; ratios in 
excess of 25 are rare, even in the case of 
supersonic transport aircraft. A rather 

lower value is found for trainers, proba
bly because of the high maneuver load fac-

r 

50 

tors for which their wings must be de
signed. 

The favorable trend of low induced dragof 
a high aspect ratio wing is partly can

celled out by a profile drag increment if 
the thickness ratio is allowed to increase 
in proportion to A. Maximum lift is also 

affected by the thickness ratio, as shown 
by Fig. 7-9. The trend for basic wing sec

tions is readily explained by recalling 
that for thin wings the leading edge type 
of stall dominates, while for thick sec
tions the trailing edge stall is predom
inant (see Fig. 7-5). The highest maximum 
lift of conventional, standard NACA air
foil sections is achieved for thickness 
ratios of 12 to 15 percent chord, where a 
combined stall will be observed. Recent 
developments in sections for low-speed 

aircraft show that higher maximum lift co
efficients can be obtained with special 
sections having a thickness ratio of about 
17 percent (Ref. 7-55). The maximum lift 

coefficient with trailing-edge flaps de

flected has a relatively flat maximum for 

- lb 
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Fig. 7-8. Cantilever ratio vs. aircraft size 



3.5 

~ , 'FLAPS FULLY DEFLECTED , 
~ 

3.0 

2.5 
!DOUBLE SLOTTED FLAPS I 
REYNOlDS NUMBER 3.5 TO 6x108 

2.0 

Fig. 7-9. Trends of best maximum lift val
ues of NACA sections vs. thickness ratio. 

thickness ratios between 15 and 20 per

cent. The reasons for this are explained 

in Appendix G, Section G-2.3. 

It is concluded that the root section 

thickness of transport aircraft should be 

chosen such that a good cantilever ratio 

is obtained. For a given taper ratio this 

implies that the thickness ratio at the 

root will increase proportionally to the 
aspect ratio. A thickness ratio of between 

15 and 20 percent is in the interest of 

good performance when using relatively 

simple trailing-edge high-lift devices 

and provides adequate room for retracting 

the undercarriage. Thickness ratios above 

20 percent m~.y show diminishing returns 

root sections are approximately 15 percent 

thick. 

Tip sections (without flaps) should be be

tween 10 and 15 percent in order to attain 

a high maximum lift. This reduction re·la

tive to the root is also in favor of low 

structural weight. A minimum practicable 

thickness should be present on light air

craft in order to provide adequate room 

for control system elements. 

7.4.4. Wing taper 

The taper ratio A has a great effect on 

the spanwise lift distribution. The span
wise position of the center of pressure 

of a half wing moves in the direction of 
the wing root as A decreases and the root 

bending moment due to lift decreases ac

cordingly. Since the structural height of 

the wing root also increases - for a given 

wing area, span and section shape - a 

highly tapered wing can be·built lighter 
and with much more torsional rigidity than 
a rectangular wing. In the case of small 
aircraft, a practical lower limit to A is 
imposed by the structural height required 

at the tip to provide room for the aile

rons and their control elements. 

The taper ratio is a dominant parameter in 

controlling the spanwise stall progression, 

as it has a large effect on the spanwise 

lift coefficient distribution (Fig. 7-10). 

1.6 

due to the increasing profile drag and cl 
the relatively low maximum lift and this, 

in turn, limits the aspect ratio to amax

imum of approximately 13 for cantilever 

wings. For aircraft cruising at Mach num

bers above .5 a check should be made to 

ensure that up to the dive Mach number, 
which is about . 1 above the cruising speed, 

the flow is essentially subcritical. This 

condition imposes a limit on the thickness 

ratio, which is affected to some extent by 

the airfoil section shape. A method for 

estimating the critical Mach number is 

given in Section 7.5.ld. Light aircraft 

wings have lower aspect ratios and the best 
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A first-order approximation of the loca-

tion where the c1-distribution is at its 

peak is: 

11 = 1 - A (7-26) 

for untwisted, straight-tapered wings. 

Hence, a wing with constant section prop

erties and a taper ratio of • 4 will· tend 

to stall first at 60 percent semi-span, 

fairly close to the inner part of the ai

leron. If a wing is tapered sharply, there 

will also be a notable reduction in the 

maximum lift coefficient near the tip due 

to the locally reduced Reynolds number, 

thus aggravating the tendency towards ear

ly tip stall. Although precautions can be 

taken to shift the initial separation 

point inboard by means of section shape 

variation and twist, the amount of taper 

has a definite limit. Realizing that the 

vortex-induced drag of a tapered wing 
is minimum for a taper ratio of about .4 

and is insensitive to relatively large 

deviations from this value, it is con

cluded that for straight wings taper ra

tios appreciably below .4 are of little 

use (Fig. 7-11). 
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Fig. 7-11. Taper ratics of straight, swept 
and delta wings. 

once the taper is chosen, the wing geome

try is known, provided the area and aspect 

ratio have also been selected. For 

straight-tapered wings the tip and root 
chords are given by: 

2 s 
(7-27) cr mE" 

ct A cr (7-28) 

and the plan view of the wing may be pro

visionally drawn. 
It will be noted that wings with taper both in 

planform and in the sectional thickness ratio, air

foil sections between fairing stations will be 

slighly distorted when linear lofting is used for 

structural simplicity. A tapered wing with respec

tively 18 percent and 12 percent thickness ratios 

at the root and tip does not have a 15 percent 

thickness ratio at the section midway between.root 

'" and tip, but at a station cl~s~r to the tip. 

7.4.5. Airfoil selection 

In selecting the airfoil sections the de

signer must give consideration to several 

general requirements. 

1. The basic airfoil must have a low pro

file drag coefficient for the range of lift 

coefficients used in cruising flight. 

2. For the inboard sections with flaps ex

tended, the drag must be low in high lift 

conditions, particularly during the take
off climb. 

3. The tip section should have a fair~y 
high maximum lift coefficient and gradual 
stalling characteristics • 

4. The inboard wing section should have 

high maximum lift with flaps extended. 

5. The critical Mach number should be suf-' 

ficiently high to ensure that critical 

compressibility effects are avoided in the 

case of aircraft reaching dive Mach num

bers of approximately .65. 

6. The pitching moment coefficient should 

be of low to moderate magnitude to prevent 

a high trim drag and torsional moments at 

maximum dynamic pressure. 

7. The aerodynamic characteristics should 

not be extremely sensitive to manufactur

ing variations .in the wing shape, contam
inations and dirt, etc. 

8. The wing se~tions should have the 

largest possible thickness ratio in the 

interest of low structural weight. Suffi

cient internal space must be provided for 
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fuel, main gear, mechanical controls and 

possibly other components. 
All these requirements cannot be satisfied 

by one single airfoil. Spanwise variation 
of the sectional shape and some measure of 
compromise will therefore generally be ac
cepted. 

For low-subsonic aircraft the selection is 

usually made from NACA standard sections, 

to which modifications may be made if nec
essary, usually during the stage of de
tailed aerodynamic design. The effect of 
systematic variations in the profile shape 

has been the subject of thorough investi
gations by the NACA, resulting in many se

ries of satisfactory airfoil sections. The 
relevant findings have been presented in 
the form of very complete information. 
Refs. 7-5 and 7-51 in particular are very 
useful tools for the designer, and the use 
of this data has greatly simplified the 

choice of a suitable airfoil for conven
tional aircraft. The observations made in 
Ref. 7-5 (Chapter 7) are fairly complete 
as far as wing sections are concerned, 
while Ref. 7-96 gives a systematic treat
ment of the effect of airfoil variation on 
stalling characteristics, using the suc

cessful method or R.F. Andersen (Ref. 
7-70). A survey will follow of the most 

commonly used NACA sections*, examples of 

A: NACA 4412 

-C 
B: NACA 23015 

c: -------==-=-=-
c :. NACA 642-415 

which are shown in Fig •. 7-12. 

a. The NACA four-digit wing sections bas
ically constitute a synthesis of early 

Gottingen and Clark Y sections, empirical
ly developed on a basis of pre-war experi
mental data. Both the thickness distribu
tions and the mean lines are defined in 
the form of polynomials; the sections have 

a near-elliptic shape. The maximum camber 

is at approximately the mid-chord posit
ion. 
Although the sections in the 4-digit se
ries are by no means low-drag profiles, 
the drag increase with lift is fairly 
gradual. The cambered sections have rel
atively high maximum lift and the stalling 

is fairly docile. These properties have 
marked the 2412 and 4412 sections, for ex

ample, as being suitable tip sections for 
the wings of light aircraft andtailplanes. 
In view of the gradual changes in drag and 
pitching moment with lift, the 4-digit sec
tions are frequently used for l:!.qht train
ers, which often fly in different condi
tions. 
Recent experiments with 16 percent thick sections 

have shown remarkable c1-max figures of up to a

bout 2.1 for a basic 6716 section and 4.0 for a 
4416 section with single slotted flaps, deflected 

30° (Ref. 7-64). 

Fig. 7-12. Characteristics of NACA standard series airfoils at R 6 X 106 (Ref. 7-5). 

*Terminology explained in Appendix A, Section A-2.3. 
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b. The NACA 5-digit wing sections have the 

same thickness distribution as the 4-digit 

series, but the mean lines are different, 

having their maximum ordinate further for

ward. The well-known 230-series airfoils 

have the maximum camber at the .15 chord 

point. These sections have the highest 

maximum lift of the standard NACA sec

tions, but the stalling behavior is not 

particularly favorable and rather sensi

tive to scale effects. For wings where 

high lift performance is a prerequisite, 

the 230-series sections have been frequent

ly used, sometimes combined with a 4-digit 

section at the tip. 

c. The NACA 6-series ("laminar flow") of 

wing sections is the outcome of a succes

sion of attempts to design airfoils by 

(approximate) theoretical methods, aimed 

at achieving low profile drag in a limited 

range of lift coefficients: the "sag" or 

"bucket" in the low-drag range. The lami

nar boundary layer over the forward part 

of the section is stabilized by avoiding 

pressure peaks, keeping the local veloci

ties low and applying a favorable pressure 

gradient over the forward part of the up

per surface. The extent of laminar layer 

is limited by the separation of the tur

bulent boundary layer over the rear part. 

The low supervelocities on these airfoils 

also favor the attainment of a high crit

ical Mach number. 

Due to the relatively sharp nose of thin 

laminar flow sections, their maximum lift 

is notably below that of the 4- and 5-

digit series, although the difference for 

the thicker cambered sections is negligi

ble; these sections also exhibit a docile 

stall. The profile drag, although very low 

under ideal conditions, is sensitive to 

surface roughness, excrescences and con

taminations. Special structures are there

fore needed to maintain the laminar flow, 

and on practical wing constructions of 

transport aircraft the potentially large 

extent of laminar layer will not normally 

be realized. 

A great advantage of the 6-series is that 

sectional properties have been tested ex

tensively and reported systematically. The 

designer is thus provided with a tool for 

establishing the best sectional shape by 

systematically varying the shape parame

ters. A modification to the standard se

ries is the A-series (Ref. 7-52) in which 

the sharp trailing edge angle is replaced 

by a larger one, resulting from straight 

contours which run from 80 percent chord 

backwards. 

Having decided on the series of sections 

to be used, the designer will have to 

choose the various shape parameters. 

THICKNESS/CHORD RATIO: see Section 7. 4. 3. 

LOCATION OF MAXIMUM THICKNESS: the further 

back this point is chosen, the lower the 

minimum profile drag (of smooth profiles) 

and the higher the critical Mach number at 

the design c~. This works out at the ex

pense of c~-max and profile drag at high 

lift. For these reasons, the 63- and 64-

sections are the most popular amongst the 

6-series airfoils. 

(MAXIMUM) CAMBER: determines the angle of 

attack for zero lift, the pitching moment 

coefficient, the lift coefficient for min

imum profile drag and c~-max. A large cam

ber is in the interest of high c~-max, but 

the tail load required to t.rim the aero

dynamic pitching moment may cause too much 

extra drag. The camber is usually chosen 

so that in normal cruising flight the sec

tion operates at its design c~. Little 

camber is used on trainers, where a re

quirement exists for acceptable character

istics in inverted flight. 

SHAPE OF THE MEAN LINE: a forward location 

of the point of maximum camber results in 

a high c~-max with a leading-edge type of 

stall at normal thickness ratios. A lower 

c~-max and a more gradual stall are ob

tained when the maximum camber is further 

back. 

7.4.6. Stalling characteristics and wing 

twist 

The following observations, originally 
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made in Ref. 7-71, are considered as a 

good starting point for achieving the de

sirable stalling characteristics of 

straight wings, specified in Section 7.3.: 

1. The point of initial stalling should be 

sufficiently far inboard, the best loca

tion being at about 40 percent semi-span 

from the root. 

2. Stall progression should be more rapid 

to the inboard than to the outboard sec-

tions. 

3. The margin in c£ at 70 percent of the 

semi-span from the root - approximately at 

the inboard end of the aileron - should be 

at least .1 in the condition where separa

tion occurs first. 

Considering the practical measures availa

ble to produce the desirable characteris

tics, it is possible on straight wings of 

moderate to high aspect ratios to choose 

a suitable spanwise variation of the local 

and maximum lift coefficient. An example 

is shown in Fig. 7-13. ·The designer is also 

. 8 
.L 
b/2 

.6 
0 .2 4 .6 8 1.0 

Fig. 7-13. Calculated spanwise lift distri

bution at high incidence (flaps ups) 

concerned with the abruptness of the stall 

progression at slightly higher angles of 

attack and he may try to gain an impres

sion of the chordwise stall progression by 

using Fig. 7-5 and the measured sectional 

characteristics. 

The spanwise lift distribution* is influ

enced primarily by the wing planform and 

*A survey of prediction methods is,given 

in Appendix E, Section E-4.2. 
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wing twist (washout) . The type of airfoil 

section has little effect in the linear 

range of .incidences in view of the gener

ally small spanwise variations in the lift

curve slope. The curve of local c£-max is 

determined exclusively by the local sec

tional shape. The effect of variations in 

the taper ratio, aspect ratio and washout 

on stalling characteristics, CL-max and 

induced drag may therefore be investigated 

without making any decision on the section 

to be used, which saves a lot of work. 

The large number of wing shapes to be stud

ied may be reduced by making several re

strictions, for example: 

1. Although the aspect ratio is important 

from aircraft performance considerations, 

its effect on the stalling characteristics 

is generally small. 

2. An aerodynamic washout of more than a

bout five degrees results in unacceptably 

large induced drag increments of the order 

of 5 to 10 counts. 

3. Low taper ratios may be used only on 

wings with thick root sections of the 4-

and 5-digit series and tip thickness ra

tios of about 12 percent. 

4. The effect of wing taper on CL-max may 

be much larger for 5-digit series airfoils 

than for 4- and 6-series, particularly if 

the Reynolds number at the tip is below 2 

million . 

There is no chain of logic to show how the de$igner 

will arrive at a (provisional) solution. The basic 

wing shape will finally be developed after many 

hours of wind tunnel work. Modifications to the 

basic standard section may appear desirable and 

during ,flight tests stall control devices may prove 

unavoidable, even though theoretical predictions 

and wind tunnel tests have not shown any deficien

cies. 

It should also be noted that most theoretical meth

ods do not take account of any wing/fuselage inter

ference effects. For high-wing aircraft, where the 

flow interaction is confined mainly tO the ·less 

critical lower surface, these effects are small. 

The low-wing position introduces the largest inter

ference effects, but these can usually be con

trolled by local fuselage contour modifications 



and/or adequate root fairings. Established theo

retical methods for predicting the characteristics 

of faired wing/fuselage combinations are not a

vailable and the final geometry of these fairings 

is determined by wind tunnel or flight experiments. 

Propeller slipstream effects near maximum lift gen

erally result in unstalling the wing in the areas 

directly influenced by the slipstream. In flight 

tests aimed at establishing stalling speeds these 

effects are small as a power-off condition is then 

required. Power-on stalls may, however, cause a 

completely different type of behavior, depending 

on the configuration. 

7.5. WING DESIGN FOR HIGH-SUBSONIC AIR

CRAFT 

In the aerodynamic design of high-perform

ance aircraft, emphasis is placed on speed 

as a major factor contributing to the e

conomy and operational suitability of the 

conceptual design. If we assume for the 

moment that the type of powerplant to be 

installed and its rating are fixed, the 

main factor in determining the speed is 

the drag area in the case of relatively 

slow transports and light aircraft, as 
shown in Fig. 7-14. For a given flying al-
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a. LOW-SUBSONIC AIRCRAFT b. HIGH-SUBSONIC AIRCRAFT 

Fig. 7-14. The basic high-speed design 

problems of improving low-subsoQic and 

high-subsonic aircraft. 

titude any improvement in the speed ~V may 

be obtained· by a reduction of the drag area 

CDS - for example by minimizing the wetted 
area, streamlining, reducing interference, 

optimizing the wing loading and aspect ra
tio, etc. 

For high-subsonic aircraft these aims are 

still present but, contrary to the situa

tion with low-speed aircraft, the region 

of compressible flow is penetrated inten
tionally in order to attain as high a 
cruising speed as possible. The problems 

of aerodynamic design in these aircraft 

mainly relate to attaining a high critical 

Mach number, avoiding undesirable flight 

characteristics at off-design conditions 

(maneuvering, gustiness, speed overshoots) 

and providing good low-speed characteris

tics of the sweptback wing. 

The basic opportunities for attaining a 

high cruise Mach number are the adoption 

of >weepback (or sweep forward) , reduction 

of the thickness/chord ratio, design of 

improved airfoil sections and optimum dis

tribution of spanwise camber and twist. 

The use of a moderate wing loading and as

pect ratio is of some help, but may con

flict with other objectives of performance 

optimization. The application of wing/ 

fuselage blending, fairings and anti-shock 

bodies may be considered, provided they do 

n9t conflict with the structural and lay
out design. 

The aerodynamic design problems are by no means 

different in the case of a new aircraft which is 

not required to fly faster than the aircraft to be 

replaced. The advanced technology may then be used 

to increase the thickness and/or aspect ratio, or 

to reduce the angle of sweepback. 

This section will be confined to the con
tribution of the wing only; compressibili

ty effects in other areas, such as the na

celle/airframe junction, may have an ap

preciable effect (see Section 6.5.). 

7.5.1. Wing sections at high-subsonic 

speeds 

a. Subcritical speeds. 

In the subcritical region the flow around 
an airfoil in two-dimensional flow is sub
sonic throughout. The effects of compress

ibility on the pressure distribution are 

well described by potential flow methods, 

known as the Prandtl-Glauert correction, 
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(7-29) 

\1 - M,/ 

or more accurate approximations, e.g. the 

von Karman-Tsien relation. In (7-29) Cp is 

the pressure coefficient, 

p - P~ 

q~ 
(7-30) 

and the subscript i refers to the incom

pressible situation (M~ << 1). 

Fig. 7-15 shows both the effect of sub-

-1.0 

-.8 

-.6 

Cp. 
-.4 I 

-.2 

.2 .4 .6 .B 1.0 

Fig. 7-15. Variation of the pressure coef

ficient w1th Mach number and determination 

of the critical Mach number 

critical compressibility on a local pres

sure coefficient and the boundary of the 

subcritical region, which is defined by 

c =-2-
Pcr yM~2 

y/(y-1) 

[1 2 + (y-1) M~ 2 / ' ] 
y + 1 - 1 ( 7-31) 

This equation can be derived by using the 

Bernoulli equation for compressible flow 

and substituting M = 1 for the local ve

locity (see, for example, Ref. 7-7). 

The critical Mach number of an airfoil sec

tion is defined as the free stream Mach 

number for which sonic flow is reached at 

the' point of minimum pressure. Provided 
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the value of CP in Fig. 7-15 refers to 

this pressure, the critical Mach number is 

defined by the intersection of both curves, 

assuming a constant angle of attack. The 

critical Mach number is thus easily de

termined from the low-speed pressure dis

tribution, and for NACA standard airfoils 

this method is used to compute Mer (Ref. 

7-51). 

Fig. 7-16 shows that the effects of sub

critical compressibility on the profile 

drag and pitching moment coefficients at 

constant angle of attack are small, while 

the lift coefficient - and hence the lift
curve slope - are affected in a similar 

fashion to cp. 

b. Supercritical speeds. 

In the case of positive a, regions of su

personic flow will appear on the upper 

surface when Mer is exceeded. As soon as 

this region terminates in a shock wave of 

appreciable strength, which thickens the 

boundary layer, the drag increases notice

ably. The drag-divergence (or drag-criti

cal) Mach number is defined as M00 for 

which: 

(7-32) 

or alternatively, according to the NACA 

nomenclature: 

I ex- CONSTANT I 

-M., 

A: critical pressure- Mer 
B: drag-divergence· Mcro 
C: lift-divergence- McrL 

Fig. 7-16. Section lift and drag coeffi

cients vs. Mach number 



dcd /dM., = • 10 
p 

(7-33) 

An increase in M., above this speed (point 
B in Fig. 7-16) results in a progressive 
rise in drag. The lift continues to in
crease until - at point C - a shock ap
pears on the lower surface of the section. 
At this point - the lift-critical or lift

divergence Mach number - the lift coeffi
cient diverges from its previous trend. As 

from this point onwards, dci/dM., is nega
tive, a flight regime of longitudinal in
stability ("tuck under") becomes manifest. 
This must be ·neutralized by an artificial 
stabilization system ("Mach trimmer") or 
by aerodynamic means. 
The presence of strong shock waves may 
lead to separation of the flow and large 
pressure fluctuations, experienced as an 

excitation of the wing. This phenomenon, 
referred to as buffet, constitutes a lim
itation to the operational flight regime. 

c. Trends in high-speed section design. 
Much work is being devoted to the develop

ment of airfoil sections, the objective 
being to increase the thickness ratio for 
given design conditions (drag-divergence 
Mach number and lift coefficient) and to 

improve the off-design characteristics. 
Early attempts in this direction were 
based on designing for low supervelocities 
in order to postpone supercritical flowto 
high Mach numbers. They were followed by 
designs where regions of local supersonic 
flow were admitted on the forward part of 

the airfoil, terminating in near-isentrop
ic and shock free compression. These de
signs allow greater thickness ratios to be 
used for the same design Mach number and 

ci. 
The aerodynamic analysis of mixed (sub
sonic and supersonic) flows is only possi
ble with sophisticated methods, and a cer

tain amount of empiricism is still commo.n 
practice here. Several aspects of existing 
aerodynamic design concepts will be fur
ther explained, using the examples in Fig. 
7-17. It is not suggested here that in 
modern section design a choice must be 

c. 
H 

' 

a. Conventional section 

with roof-top pressure 

distribution 

Cp 

H 

I 

c. Supercritical upper 

surface pressure dis

tribution 

c. 
H 

b. Peaky upper surface 

pressure distribution 

c. 
H 

d. Rear loading airfoil 

compared with conventional 

airfoil (lower surface) 

Fig. 7-17. Aerodynamic design concepts for 
high-subsonic airfoil sections in the de
sign condition 

made from the various concepts; a mixture 
of these will be present in a practical 
wing. 

ROOF-TOP PRESSURE DISTRIBUTIONS have a 
gradually changing or approximately con
stant upper surface pressure over the for

ward part of the section, which delays the 
critical Mach number by virtue of a uni
form velocity at the design condition (Fig. 

7-17a). Slightly above this speed large 
regions of supersonic flow will appear and 
the associated suction forces then occur 

near the crest* of the airfoil or behind 
it. The NACA 6-series have this type of 

pressure distribution at subcriticalspeed 
for a limited region of ci values. Since 
the pressure distribution is designed pri-

*The highest point of the airfoil rela

tive to the free flow direction. 
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marily with the aim of obtaining low su
pervelocities rather than special high
speed characteristics, a strong shock and 

a rapid drag rise occur soon after Mer is 
exceeded. 

The drag-divergence Mach number of an air
foil section with ,a roof-top pressure dis
tribution can be increased by extending 
the roof-top further back. For example, a 

crest at about 60 percent chord results 

in a ~Mcro value of about .04 relative to 
a section with the crest at 30 percent. 
This effect cannot be exploited too far 
since the boundary layer may not be able 
to cope with the adverse pressure gradient 
aft of the roof-top without separating. 
The wing of the Aerospatiale Caravelle, 

originating from about 1950 (see Fig. 2-3) 
is based on the 65-series airfo~ls; the 

operational speeds of this aircraft are 
relatively low, and allow a reasonable 
thickness ratio of 12 percent. 

A PEAKY PRESSURE DISTRIBUTION (Fig. 7-17b), 
pioneered by Piercy at ,the NPL, and by 

others, int~ntionally creates supersonic 
velocities and suction forces close to 
the leading edge. The airfoil nose is 
carefully designed so that near-isentropic 
compression and A weak shock are obtained. 

The suction forces have a large forward 
component and the drag rise is postponed 
to high speeds. As compared with conven
tional sections of the same thickness ra
tio, the value of Mcr0 is approximately 
.03 to .OS higher and the off-design be
havior is improved. This type of airfoil 

has been used on the BAC 1-11, VC-10 and 
DC-9 aircraft. The technique employed in 
designing peaky airfoils was highly empir
ical. 

Recent advances in high-speed airfoil de
velopment have resulted in SUPERCRITICAL 

SECTIONS - ~irst proposed by R.T. Whitcomb
which have a relatively flat upper surface 
contour (Fig. 7-17c). With these sections 

a much greater extent of shock-free super
sonic flow can be created than in the 
peaky design. The amount of flattening of 
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the upper surface is limited by the pres
sure rise which the boundary layer can 
accept without separation. An extensiVe 
NASA program has been conducted to ,inves
tigate the potentials of this wing tech
nology (Ref. 7-39). Large gains in drag

divergence Mach number and off-design 
performance are claimed if rear loading 
is also used in designing supercritical 
airfoils. 

REAR LOADING (Fig. 7-ltaJ 1.s a -thod ~9,r 
improving high-speed performance by gen
erat~ng lift at the rear part of the air
foil, mainly by pronounced camber of the 
lower surface. 
The effect of rear loading may,be ex
plained in different ways. For a given 

thickness ratio and ct the supervelocities 
at the upper surface can be reduced, and 

Mcro can be increased, by generating high
er pressures at the lower surface. Alter
natively, if an airfoil is considered for 
which the upper surface has a critical 
flow condition, the rear part is contoured 
in such a way that a higher lift ~s gen

erated, maintaining the same thickness ra

tio and Mcro• Finally, for a given Mcro 
and ct the front part of the airfoil may 
be beefed up until near-sonic flaw is 

created at the lower surface, while the 
associated suction forces are cancelled 
out by high pressures near the trailing 
edge. Sections of high thickness ratiocan 
thus be obtained for given design condi
tions. 
The extent to which the rear loading can 
be accommodated is limited by the nose

down pitching moment and trim drag as
sociated with the rear location of the 
center of pressure. It may also prove dif
ficult to install an effective flap sys
tem in the sharp, cambered rear part of 
such a section. The European Airbus A-300 
wing is an example of a wing design with 

a limited amount of rear loading (Ref. 
7-28). 

d. Criteria for section characteristic& 
in design and off-design conditions. 



The conditions to be considered in select

ing airfoil sections are illustrated in 

Fig. 7-18. The sections should be selected 

It mlximum 
cruise alt itude 

minimum W/S 

cruise 

Fig. 7-18. Criteria for the selection of 

high-speed sections 

primarily in order to achieve low drag at 

the high-speed cruise Mach number and the 

highest lift coefficient relevant to this 

speed . This point is labeled Design Con

dition in the figure. The lift coefficient 

in this condition corresponds with the 

maximum cruise altitude specified for the 

aircraft and the highest wing loading an

ticipated for cruising flight at that al

titude. 

The drag characteristics of an airfoil 

section selected on this basis will gen

erally also be satisfactory at lower lift 

~oefficients and reduced Mach numbers 

(shaded area in the figure) which corre

spond to lower cruising altitudes and 

speeds, down to the long-range cruise 

Mach number . This region of cruising con

ditions must be specified for any high

speed aircraft design in order to check 

the drag of the profile sections. Off

design conditions outside this region re

sult from aircraft maneuvering and gusti
ness and may be associated with alleviated 

requirements relating to drag. A distinc

tion may be made here between two types of 

maneuvers: overshoots in speed to increased 

Mach numbers, without significant change 

in ci, and pull-ups or turning flights • 

with increased ci at constant Mach number. 

The overshoot in speed has to be demon

strated in certification flight testing to 

show compliance with requirements relating 

to stability and maneuvering characteris

tics up to the Dive Mach number MD. In 

this Mach number region the interaction 

between shocks of increasing strength and 

the boundary layer will result in flow 

separations. A rapid rise in drag beyond 

the design Mach number caused by these ef

fects may be conducive to smaller over

shoots in speed, but a rapid lift diver

gence may be unacceptable as it can ad

versely affect stability. Shock-induced 

separations and shock waves hitting the 

tailplane cause buffeting vibrations, 

which should remain sufficiently mild in 

the dive and the ensuing pull-up maneuver 

to restore the normal flight condition. 

Buffet will also occur if ci is increased 

for constant M during pull-up or turning 

maneuvers and in gusty weather. Buffet on

set will be experienced as a light vibra

tion when the boundary layer starts to 

separate. The violence of the excitation 

will subsequently increase with -the angle 

of attack through conditions of light and 

moderate to heavy buffet - a condition 

which defines the upper limit to the range 

of useful lift coefficients at high speeds. 

It is generally acknowledged, though not 

considered as a formal requirement, that 

for transport aircraft during cruising 

flight a maneuver load factor of at least 

1.3 g must be available without any 

buffeting vibrations occurring. It is 

sometimes additionally laid down that load 

factors of up to 1.6 or normal gust veloc

ities up to 12 . 5 m/s (41 ft/s) and a wave

length of 33 m (110 ft) must be covered 

with only a moderate amount of buffet, 

this condition being taken as t:1e maximum 

penetration of the buffet regime accepta

ble for civil operations . 
An important additional requirement for 

the airfoil section is therefore that it 

should be capable of producing lift with-
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out flow separation up to 1.3 times the 

design c~. Cruising performance may be se
riously impaired if the buffet boundaries 

do not permit this reserve in c~ in the 
design condition. A reduced cruising al
titude is generally unfavorable and since 
the optimum cruise wing loading is high 
for high-speed transportR (Section 7.2.1.), 

much attention is devoted in the design 
stage to the development of section and 

wing shapes which are suitable both at de
sign and off-design lift coefficients pro
viding generous buffet margins. 

It should be noted that the criteria presented 

here are basically applicable to the three-dimen

sional wing, or rather the complete aircraft. It 

will be shown, however, that for high aspect ra

tio wings these requirements can be transformed 

into airfoil selection criteria. 

e. Thickness ratio and drag-divergence 

Mach number. 
An objective of high-speed airfoil design 
is to obtain a section with the highest 
possible thickness for a specified combi
nation of M~ and c~. In view of the very 
complex character of mixed flow, concise 

methods for making predictions of aero
dynamic characteristics, such as drag- and 

lift-divergence Mach numbers, are not a
vailable. Faced with this problem, the 
preliminary design engineer will have to 
consult.an aeronautical department ores
tablishment equipped with facilities to 
tackle the problems of supercritical flow. 
An estimation of the permissible thickness ratio 

of a section for a given value of Mcro may be ob

tained from available design qharts or from the 

following suggested approach. Sectional data at 

low speeds (II,. « 1) indicate that the lowest pres

sure coefficient of syumetrical sections at zero 

lift is approximately: 

(c ) = constant . 
Pi min 

(-tc) 1.5 (7-34) 

where the constant is determined by the thickness 

distribution. Using (7-29) and (7-31) it is easily 

found ·tnat for a given critical Mach number the 

permissible thickness is represented by: 
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l 2 [ l2+(Y-1) M 21y/(y-1)] 

t/c=constant I yMcr 2 1- y+1 cr 

,~212/3 
\ 1-M 

cr 
(7-35) 

For conventional sections, this expression gives a 

good result if the constant is taken equal to .24a 

More advanced sections may also be tackled by in

troducing a Mach number M*, which represents the 

extent of supersonic flow at the condition of drag 

divergence. Substituting M* into the compressible 

Bernoulli equation and into (7-30}, we find for 

symmetrical sections at zero lift: 

t/c=. 30 1- ..2:!!!__ \ 1-M '\[ l 2 13.5] 212/3 
5+ (M*) 2 M2 

(7-36) 

In this equation M denotes the design (drag-cri t

ical) Mach number for which the airfoil is to be 

designed. 

The factor M* in (7-36) has no physical meaning 

:~.nd is merely a figure defining the aerodynamic 

sophistication employed to obtain supercritical 

flow at the design conditiona Good results are ob

tained by taking: 

M* = 1.0, conventional airfoils; maximum 

t/c at about • 30c 

M* = 1.05, high-speed (peaky) airfoils, 

1960-1970 technology 

M* = 1.12 to 1.15, supercritical airfoils 

(7-37) 

It is difficult to make adequate allowance for 

the effects of airfoil camber and lift. Provided 

the airfoil operates at the design c 1 , it is pos

sible to use an approximation by reducing M* in 

(7-36) by • 25 times the design c~ for c~ up to • 7. 

7.5.2. Wing design for high speeds 

a. Simple wing sweep theory and its limi

tations. 

Sweeping back the wing post.pones the ef
fects of critical compressibility to a 
certain extent, an effect which can be ex
plained by the "simple sweep concept". 
This assumes an infinitely long sheared 

wing (Fig. 7-19a), for which the super
velocities and the pressure distribution 
are determined solely by the velocity com-



three-dimensional I 
effects dominant i 

Fig. 7-19. The simple wing sweep theory 
for infinitaly long and high aspect ratio 
wings 

ponent normal to the leading edge, 
M = M cosA. The section normal to the n ® 

leading edge is thus the relevant shape 
to be considered. The simple sweep con
cept yields the following relationships. 
1. The thickness ratio and effective an
gle of attack of the normal section are 
greater than those of the streamwise sec
tion by an amount equal to 1/cos A. 
2. The wing lift coefficient CL is equal 
to c~(cosA) 2 , where c~ is the normal sec
tion lift coefficient. 
3. The critical Mach number of the wing is 
Mcr/cosA, where Mer is the normal sec
tion's critical Mach number at the normal 
section's c~. 
These relationships show that potentially 
the critical compressibility effects may 
be postponed to a free stream Mach number 
which is increased relative to that for a 
straight wing by a factor (cosA)- 1 . The 
normal section shape, however, has to be 

designed to cope with a design value of 

c~ which is greater than the wing lift co
efficient by a factor (cosA)- 2 . For ex
ample, a wing sweptback by 35 degrees, and 
operating at M = .85 and CL = .4, will 
have normal sections designed for opera
tion at M = .7 and ci = .6. 

In early applications of sweptback wings 
it became apparent that the gain actually 
obtained in Mer was smaller than predic
tions based on the simple sweep theory had 
indicated; in effect a factor (cosA)- 112 

was achieved, rather than (cosA)- 1 . The 
reasons for this observation stem from the 
finite span and the detrimental effects of 
fuselage and nacelles. For an untwisted 
sweptback wing with constant section 
shapes the lift is concentrated towards 
the tip and the outboard sections work at 
relatively high c~ values, resulting in a 
local reduction in Mer· In addition, root 
and tip effects decline the isobars in a 
direction normal to the flow, so that the 
sweep effect is, in fact, reduced. The 
points of lowest pressure will be shifted 
backwards near the root and forwards near 
the tip. The natural curved path of the 
flow over a swept wing is hampered by the 
fuselage and nacelles, if any, and this 
results in a system of expansion waves, 
terminating in a spanwise shock. The var
ious effects combine to form a complex 
pattern of shocks and expansion waves, 
appearing first on the outboard wing and 
next on the rear and front part of the 
inner wing. The complete picture is some
times referred to as a A-shock. The tech
niques developed to restore the full ef
fect of wing sweep are therefore based on 
eliminating these detrimental effects by 
reshaping the wing and bodies in the areas 
affected (Fig. 7-19b). The mid-section of 
a high aspect ratio wing, however, is on
ly slightly affected by three-dimensional 
effects, provided suitable measures have 
been taken to counteract the root and tip 
effects. Two-dimensional section shapes 
and data may therefore be used to define 
this part of the wing. 
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b. Aerodynamic optimization of tne wing 

and drag-d~vergence Mach number. 
The objective of high-speed wing design is 

to obtain a pattern of approximately 
straight isobars swept back at an angle at 

least equal to the wing sweepback angle, 
the upper surface generally being critical 
for the drag divergence*. If this aim is 

achieved, the flow will be approximately 
two-dimensional and the drag-divergence 

will occur at the same Mach number every
where along the span. A detailed examina

tion of the very complex optimization pro
cedures of this type is outside the scope 
of this book, but it is considered appro
priate to mention some of the measures 
which may be taken, although not all of 
them are required for each design. 

1. The sweep angle and thickness ratiobe

tween approximately 30 and 80 percent 
semi-span from the root are based on a 
pressure distribution obtained from the 
simple sweep concept. 

2. The points of maximum thickness at the 
root and tip are shifted forwards and 
backwards, respectively. Streamwise tips 
are used on the BAC VC-10. 
3. The lift on the inboard wing is in
creased by a negative twist (washout). The 

example in Fig. 7-20 shows a linear lofted 

twist compared with the more complex twist 
distribution required to increase the 
critical Mach number. 
4. For low-wing designs the pressures tend 

to be increased at the lower surface. This 
may be turned to advantage by locally 
thickening the lower part of the section 
and bending the nose of the root section 

slightly upwards. This results in a root 
section with negative camber which is a 
few percent thicker than the outboard wing 
(Fig. 7-20). 

5. The sweep angle near the root section 
may be increased by introducing a kink in 

the leading edge (Fig. 7-21). Incidental

ly, the kink in the trailing edge, observed 

*Wings with rear loading sections may 
form an exception in view of the near
critical conditions at the lower surface 

248 

.. 

0 

.., 

20 

... .. 
PERCINT .. -IPAII 

10 100 

10 100 

Fig. 7-20. Typical spanwise thickness and 
twist angle distribution before and after 
aerodynamic optimization (Ref. 7-24). 
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SWEPTBACK WINGS 

Fig. 7-21. Sweptback wing planforms. 



in many high-subsonic transport, is used 

to provide internal space for retracting 

the undercarriage (see Section 7.8.2.). 

6. Adequate wing/fuselage fairings must be 

incorporated as a means of obtaining a 
good area distribution (see Fig. 2-9c). 

The cylindrical fuselage is generally 

maintained in the interest of interior 

layout but if the speed is increased a
bove, say, M® = .90, wing/fuselage blend

ing is generally regarded as unavoidable 
(Fig. 3-Sb). 

Some examples of swept wing planforms are 

shown in Fig. 7-21. These wings are usu
ally composed of at least two sections, 

with linear lofted contours between the 

intermediate profiles. This sophistica

tion in aerodynamic design results in com

pound curvatures, giving rise to compli

cations in the structural design and the 

manufacturing process. An early example 
of an aerodynamically efficient design, 

the crescent wing (Handley Page Victor, 

see Fig. 2-12 and Ref. 7-137), has never 
been widely adopted, probably due to its 
structural complexity. 

For the purpose of preliminary wing optimization 

it may be desirable to derive the combinations of 

t/c and A. 25 required to achieve a specified drag

divergence Mach number. Equation 7-36 may be 

modifi=~ by substitution of McosA. 25 and t/c x 

(cosA) where M and t/c are used. For wings with 

symmetrical sections at zero lift we then find: 

t 30 l -1 11/3 
- = -· - (McosA ) - McosA x c M .25 .25 

2/3 

(7-38) 

Here M refers to the drag-divergence Mach number, 

defined by llc0 = .002, and t/c is the thickness 

ratio at aboutp50 percent semi-span from the root. 

The values for M* are given by (7-37) for zero 
-2 

lift and should be reduced by .25CL (cosA. 25 J to 

account for lift and camber at the design condi

tion. 

The drag-critical Mach number to be selected de

pends on the amount of compressibility drag the 

designer is prepared to accept during cruising 

flight. It is fair to assume that in high-speed 

flight over relatively short distances a penalty 

of up to some 20 to 30 counts will be acceptable. 

In this case the drag-divergence Mach number may 

be taken as being equal to or slightly below the 

high-speed Mach nwnber. 

For example, if a high-speed cruising flight Mach 

number of .8 is specified at CL = .3, we may as

sume for a straight wing with a peaky-type airfoil 

M*= 1.05- .25(.3) = .975. Substitution of this 

value, together with M = . 8 and A = 0 into (7-38) 

results in a permissible thickness ratio of only 

9. 7 percent. For a sweep angle of 30° we obtain 

M* = .95, and a permissible thickness ratio of 12 

percent. This would be increased to 15.3 percent 

if an advanced airfoil could be designed with 

M* = 1.20 at zero lift. This may be compared with 

the allowable 11 percent thickness for a conven

tional airfoil with the maximum thickness at about 

30 percent chord. 

The permissible thickness of a wing may well be 

determined by the --requirement of freedom from buf

fet. As the prediction of buffet boundaries is as 

yet based on wind tunnel measurements; theoretical 

design methods for matching a wing to a specified 

buffet boundary cannot be presented in this book. 

The designer should probably follow an intuitive 

approach, based on the available information re

lating to buffet boundaries of exis':ing aircraft 

types or (new) wing sections. 

7.5.3. Low-speed problems of high-speed 

wings 

In the same way as straight wings, the 

flow over swept wings may separate first 

at the leading edge or at the trailing 

edge. Leading edge separation results in 

a leading edge vortex, which cleans up the 

flow over the inner wing, but stalls the 

outer wing. At the lift coefficient where 

this stalling occurs, the forces and 
pitching moment on the wing are character

ized by a break (Fig. 7-22), indicating 
that the tip stall causes an undesirable 

pitch-up, for which the remote position of 

the tip is mainly responsible. The primary 

causes of this stalling behavior are: 
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Fig. 7-22. Aerodynamic characteristics at high lift of a typical sweptback wing configu

ration (Ref. 7-89) 

1. the highly loaded tip of swept wings, 

2. changes in the chordwise pressure dis

tribution due to sweep, and 

3. a spanwise flow of the boundary towards 

the tip, cleaning up the flow over the in

board wing and making it difficult to 

stall. 
Several investigators have made attempts to corre

late the type of separation with the angle of 

sweepback, the nose sharpness and the Reynolds 

number (Refs. 7-82 and 7-92). others have derived 

conditions for a stable pitching moment curve at 

the stall (Refs. 7-82 and 7-84), a typical outcome 

of which is shown in Fig. 2-2Sb. The highest as

pect ratio for a longitudinally stable wing at the 

stall is found to increase with increasing taper 

(i.e. decreasing A) and to decrease with the angle 

of sweepback. The location of the horizontal tail

plane is another factor, determining whether the 

longitudinal stability improves or deteriorates if 

the tail contribution is taken into account (see 

Section 2.4.2b.). 

The objective of low-speed design for 

transport aircraft is to avoid separated 

flow and to increase the range of useful 

lift coefficients. The obstacles to a

chieving this goal are the three-dimen

sional nature of the viscous flow and the 
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incompatibiltty of the measures to be 

taken with high-speed design requirements. 

As theoretical methods are not available, 

an experimental program is required, where 

a choice will have to be made from various 

methods of triggering the flow. For ex

ample: 

1. Washout and increasing camber towards 

the tip. 

2. Leading edge modifications, such as 

nose droop or an increased nose radius on 

the outer wing. 

3. Leading edge devices postponing the 

stall. The inboard end of a slat almost 
invariably fixes the separation. 

4. Fences, acting as barriers to the cross 

flow. 

5. Pylons for wing-mounted engines, shed

ding a vortex at high incidences. The 

•vortilons" on the DC-9 wing have the same 

effect (Ref. 7-13). 

6. Discontinuities in the leading edge: 

saw tooth, chord extensions. 

7. Vortex generators on the outboard wing, 

in front of the aileron. 

It will be clear that these opportunities 

for design render a simple pitch-up cri

terion almost useless. 



In spite of the potentially unfavorable 

stalling characteristics of swept wings, 

reasonably high aspect ratios can be ac

cepted if suitable measures are taken. In 

view of the small thickness at the root, 

the span is in any case limited by con

siderations of structural design, and the 

swept wings of transport aircraft have a 

cantilever ratio of the same order as that 

used for propeller aircraft (Fig. 7-8). 

The maximum usable lift (flaps retracted) 

is reduced relative to straight wing de

signs when trailing edge separation oc

curs. A theoretical reduction factor of 

cos2A might be expected according to the 

simple sweep theory, but in reality the 

trend is more nearly approximated by a 

cosh effect due to the postponed stalling 

of the inner wing. 

The stalling behavior of swept wings with high

lift devices depends to a great extent on the 

sophistication of these devices. For simple 

trailing-edge devices (plain and split flaps) the 

maximum lift increment is greatly reduced, but the 

performance of optimized, multi-element airfoils 

on swept wings is quite good. The stalling behav

ior is generally not very different from that of 

the basic wing, or slightly better. Leading-edge 

devices have a powerful effect on the longitudi

nal stability at the stall and can be used to ad

vantage. 

7.5.4. Planform selection 

a. Angle of sweepback. 

The previous section has made it clear 

that the wing sweepback should not be more 

than the minimum required. For cruising 

speeds of up to about M = .65 to .70 com

pressibility effects can be catered for 

with a straight wing of acceptable thick

ness ratio. Increasing the Mach number 

makes it desirable to use sweepback (or 

sweep forward) in order to avoid severe 

compressibility problems in a dive. At 

cruising speeds of M = .75 to .80 a 

straight wing may only be acceptable if 

it is very thin and this requires a low 

aspect ratio (e.g. Learjet 24). The angle 

of sweepback increases progressively for 

cruising speeds in excess of M = .80 (see 

Table 7-1). 

It should be noted that different combina

tions of A. 25 and t/c are possible for a 

given drag-divergence Mach number. In

creasing the angle of sweep allows a 

thicker wing for the same design condi

tion, permitting more fuel to be carried 

if required. In addition, sweepback re

duces the lift-curve slope and causes the 

wing to be twisted if it is bent upwards 

by a lift load. As a result the gust loads 

are reduced and sweptback wings take the 

bumps in gusty weather more smoothly. 
The best choice is the result of a trade

off between structural weight, maximum 

usable lift and high-speed performance 

at design and off-design conditions. It 

may also be affected by considerations of 

layout design - for example, if the loca

tion of the retractable main undercar

riage conflicts with that of the rear 

spar (see Section 7.8.2.). 

b. Taper ratio. 

The considerations relating to straight 

wings in Section 7.4.4. are equally valid 

for swept wings. In addition we may note 

that for untwisted wings the taper ratio 

for minimum induced drag decreases with 

the sweepback angle (see Fig. 7-11). The 

trend shows that actual designs have high

er taper ratios, probably to avoid exces

sive washout and the associated drag pen

alty. 

A highly tapered wing is favorable for 

reducing the pitch-up tendency and has a 

high torsional rigidity. This is a desir

able feature, particularly for high-speed 

wings as it minimizes aeroelastic problems. 

c. Aspect ratio and span. 

As in the case of straight wings, an op

timum aspect ratio can be determined which 

results in a good balance between fuel 

weight (fuel cost) and empty weight (ini

tial cost). The aspect ratio is structur

ally limited by the range of acceptable 

cantilever ratios (Fig. 7-8), while a per

formance limit stems from the climb gradi-

251 



ent requirement with one engine inopera
tive. 

Realizing that high-subsonic ai_rcraft are 
jet-propelled, an approximate range for 
the span loading for this category is de
rived from statistical data, as follows: 

.18 to .20 (7-39) 

It can be shown* that this parameter is 
proportional to the ratio of induced drag 
to weight at the takeoff safety speed v2 , 

which is related to the takeoff field 
length by (7-19). Hence, even without con
sidering the flap effectiveness, a rea
sonable choice of the span loading can be 
made with (7-39). 

For twin-engine transport aircraft the 
thrust available after engine failure im
poses a rather sharp limit on the span 
loading. The following recommended limit 
is derived from statistical data: 

2 2 W/b < ~pV2 ( Tto ) 1.45 w-- .215 
to 

(7-40) 

where Tto refers to standard sea level 
conditions. Aircraft with a higher span 
loading are likely to be penalized in 
takeoffs from hot and high airfields. 

7.6. HIGH-LIFT AND FLIGHT CONTROL DEVICES 

7.6.1. General considerations 

In Section 7.2. it was argued that in most 
designs an attempt will be made to achieve 
a favorable wing loading, based on consid
erations of fuel usage, structural weight 
and acceptable comfort in turbulent 
weather. High-lift devices are required to 
prevent the flight speeds from reaching 
unacceptable values during takeoff, ap
proach and landing. These devices have 
proved to be of vital importance to an 
aircraft's operational characteristics 
and economic yield and much work has been 

*see Chapter 11, equation 11-2. 
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done to foster their development. 
Although the improvement in CL-max since 
the DC-6, for example, may not appear ex
cessive at first sight, the application 
of swept wings with thin sections has ob
scured the actual progress made. The mul
ti-element systems at present in use per
mit a sectional c~-max of about 5.5 to be 
obtain~d during the landing, and this ap
pears to be about the limit of passive 
systems*. The designer may choose from a 
large collection of feasible high-lift 
systems, although in the case of a spe
cific project this freedom will be lim
ited, since incremental drag, mechanical 
complexity, development and maintenance 
costs and structural weight are all fac
tors to be considered. 

The additional wing lift contributed by 
high-lift devices is basically obtained 
through: 

increased airfoil camber, 
- boundary layer control resulting from 
improved pressure distributions, reener
gizing or removing low energy boundary 
layers, 

- an increment of the effective wing area 
in the case of flaps extending the chord 
when deflected. 
Not all existing configurations combine 
these actions simultaneously. Trailing
edge flaps increase the camber and improve 
the flow at the trailing edge, but tend to 
promote leading edge stall on thin sec
tions and may cause a reduction in the 
stalling angle of attack. Leading-edge 
high-lift devices postpone or eliminate 
leading edge stall, but they have little 
effect on the airfoil camber as a whole, 
although locally the camber is increased. 
Fig. 7-23 shows that these differences 
result in large variatiqns in the range 
of operational angles of incidence at low 
speeds. 

Most flap systems are offered with a 

*"passive" means that no boundary layer 
control by suction or blowing is used. 
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Fig. 7-23. Lift curves with and without 

high-lift devices. 

choice of several discrete deflection an

gles. Deflections of up to about 25 de

grees are used on takeoff, while higher 

values are used during the approach and 

landing. For each item of performance 
there is an optimum flap angle which con

stitutes a tradeoff between high lift and 

low drag- see Section 11.7.1. Though the 

operational flexibility of the aircraft 

is improved by increasing the freedom of 

choice, the cost and time involved with. 

the certification tests and data handling 

may become prohibitive. 

Typical deflection angles are shown in 

Table 7-2 for several commonly used high
lift configurations, together with a range 

of CL-max values, defined as follows: 

HIGH-LIFT DEVICE TYPICAL FLAP ANGLE CL /eosfl_ 25 
ma. 

TRAILING EDGE LEADING TAKEOFF LANDING TAKEOFF ! I.A:-lTJJNG 

EDGE 

PLAIN 2o' 60° 1.40-1.60· 1.10-2.00 

SINGLE SLOTTED 2rt' 40° I.S0-1. 70 1.80-2.20 

FOWLER* 15' 40° 2.00-2.20 2.50-2.90 

DOUBLE SLOTTED •• 20° f>o' I. 70-1.95 2. 30-2.70 

SLAT 2.30-?.60 2.80-3.20 

TRIPLE SLOTTED** SLAT 20° 40° 2.40-2.70 1.20-1. so I 

• SINGLE SLOTTED 

•• WITH VARYING AMOUNTS OF CHORD EXTENSION (FOWLER MOTimn 

Table 7-2. Typical maximum lift coeffi

cients for wings with high lift devices. 

(7-41) 

Generally speaking, CL-max is less !or 

small airplanes than for large ones, as a 

result of a less sophisticated wing de

sign and lower Reynolds numbers. There 

are obviously many other details which 

may lead to departures from the quoted 

figures, such as differences in the rel

ative flap chord, flap span, airfoil type 

and 
etc 
ues 

and 

interference with engine nacelles, 
It should also be noted that theval

stat~d apply to the tr~mmed aifpraft, 
hence they include the' tailplane load 

required for longitudinal equilibrium. A 

detailed aerodynamic prediction method, 

taking account of the most relevant geo

metric design features, is presented in 

Appendix G- 2 . 

7.6.2. Trailing-edge flaps 

Typical lift and profile drag increments 
caused by flaps on airfoil sections are 

compared in Fig. 7-24. 

Fig. 7-24. Trends in performance of 

trailing-edge flaps. 
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Fig. 25a. Split flap 
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Fig. 7-25b. Plain flap ~ 

Fig. 7-2Sc. Single slotted flap with fixed 
hinge 

Fig. 7-2Sd. Single slotted flap with opti
mum flap position for each deflection an
gle (Caravelle) 

Fig. 7-2Se. Double slotted flap withfixed 
hinge and fixed vane (Douglas DC-9) 
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• fixed point• 

Fig. 7-25f. Double slotted flap with four
b~r motion (Douglas DC-8) 

OJ~Hg{~-
FLAPS UP 

QJ~g[~tt~ 
• 2<f 

TAKEOFF 

Fig. 7-25g. Double slotted flaps with in
dividual adjustment of flap segments and 
drooped aileron (GAF N-22 Nomad) 

Fig. 7-25h. Triple slotted flap (Boeing 727) 



Fig. 7-25j. Single slotted Fowler flap 

SPLIT FLAPS consist of a stiffened plate 

on the lower surface, hinged just aft of 

the rear spar, by means of a piano hinge 

(Fig. 7-2sa·). The drag due to flap deflec

tion is large, particularly in the case of 

small deflections, thus making the split 

flap less suitable for takeoff. Although 

its structural simplicity and low weight 

are attractive, this type of flap must now 

be considered as obsolete. 

PLAIN FLAPS are hardly more than a hinged 

part of the trailing edge (Fig. 7-25b). 

The best performance is obtained with a 

sealed gap. If the deflection exceeds 10 

to 15 degrees, the flow separates immedi

ately after the knuckle, the lift effec

tiveness drops progressively and the drag 

increases to values comparable to those 

of the split flap. 

SINGLE SLOTTED FLAPS derive their favora

ble action from a specially contoured slot 

through which air is admitted from below 

the wing. The upper surface boundary layer 

is stabilized by the suction on the flap's 

leading ~dge and diverted at the trailing 

edge of the basic wing. A new boundary 

layer is formed over the flap which per

mits an effective deflection of up to 40 

degrees. The performance is sensitive to 

the shape of the slot, which is determined 

by the kinematics of deflection. A simple 

fixed hinge (Fig. 7-25c) is not very ef

fective, but the achievement of an opti

mum slot shape requires a system which can 

only be realized by means of a track and 

flap carriage assembly (Fig. 7-25d). Sin

gle slotted flaps with fixed hinge are 

commonly used on light aircraft. 

DOUBLE SLOTTED FLAPS are markedly superior 

to the previous type at large deflections, 

because separation of the flow over the 

flap is postponed by the more favorable 

pressure distribution. Various degrees of 

mechanical sophistication are possible: 

a. Flaps with a fixed hinge and a fixed 

vane of relatively small dimensions (Fig. 

7-25e) are structurally simple, but may 

have high profile drag during takeoff. If 

the vane is made retractable for small 

flap deflections, the flap is effectively 

single-slotted during the takeoff, which 

improves the drag and hence the climb per

formance. The external flap supports cause 

a noticeable parasite drag, which may be 

acceptable only on short ranges. 

b. Double slotted flaps may be supported 

on a four-bar mechanism (Fig. 7-24f). 

During extension the slot shape closely 

approximates to the aerodynamic optimum, 

but the flap supports cause a disturbance 

in the flow through the slot. The parasite 

drag penalty in the en route configuration 

being negligi~le, this configuration is 

probably most suitable for application on 

three- or four-engine long-range trans

ports. 

c. If the two flap elements are independ

ently adjustable, the maximum deflection 

may be increased up to 70 degrees. This 

rather complex system (Fig. 7-25g) is oc

casionally used on STOL aircraft, such as 

the DHC-7. The figure shows the system 

used on the GAF N-22 Nomad full span flaps 

with aileron control at high speeds, aug

mented by spoiler ailerons at large flap 

deflections. 

TRIPLE SLOTTED FLAPS are used on several 

transport aircraft with very high wing 

loadings. In combination with leading-edge 

devices, this system represents almost the 

ultimate achievement in passive high-lift 

technology, but Fig. 7-25h shows that com

plicated flap supports and controls are 

required. 

THE FOWLER FLAP is a slotted flap 

travelling aft on tracks over almost its 
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entire chord and subsequently deflecting 

to its maximum angle (Fig. 7-25j). The up

per wing skin continues to approximately 

90 to 95 percent of the chord. The favor

able performance is derived from the ef
fective wing area extension, yielding a 

gain in lift for very little extra drag 

which makes the Fowler flap particularly 

suitable for twin-engine aircraft. 

Configurations have been devised with one, 

two and even three slots, depending upon 

the magnitude of the required lift. These 
systems not only have considerable chord 
extension due to the basic flap motion, 

but the flap sections move relative to 

each other and the extended length of the 

chord is therefore in excess of the nested 

length. The structural complications of 

these multi-track supports and their 

weight penalty are usually the limiting 

factor here. The.shape of the slots must 

be very carefully optimized to obtaingood 
performance. 

7.6.3. Leading-edge high-lift devices 

The increased circulation associated with 
the deflection of an effective trailing

edge device induces an upwash at the nose. 

The local suction peak increases and on 

airfoils which are liable to leading edge 

stall the flow will separate at an angle 

of attack which is below that of the basic 
wing. Leading-edge high-lift devices (Fig. 

7-26) are intended primarily to·delay the 

KRUEGER FLAP 

HINGED NOSE FIXED SLOT 

Fig. 7-26. Leading-edge high-lif~ devices. 
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stalling to higher angles of attack. 
LEADING-EDGE SLATS are small, highly 
cambered airfoils forward of the wing 

leading edge, which experience large suc

tion forces per unit of area and reduce 

the suction forces on the basic airfoil. 
The associated profile drag increment and 

pitching moment changes are small and for 

optimized configurations a CL-max incre

ment due to a full-span slat between .5 

and .9 can be obtained without any appre
ciable increa$e in tail load and trimdrag. 

In view of the large stalling angle of at
tack, the angles of pitch during takeoff 

and landing are large and proper attention 

must therefore be paid to the visibility 

from the cockpit, particularly if the an

gle·of sweep is large and the aspect ratio 

low. 

Slats ma¥ be used to advantage by varying 

their effectiveness in spanwise direction 

in order to delay the onset of the tip 
stall and the associated pitch-up of swept

back wings. This may be achieved by vary

ing the gap width, the slat deflection an

gle or the relative slat chord in spanwise 

direction. 

KRUEGER FLAPS perform in the same way as 

slats, but they are thinner and more suit

able for installation on thin wings. 

Krueger flaps are often used on the in

board part of wings, in combination with 

outboard slats, to obtain positive longi

tudinal stability in the stall. 
(PLAIN) LEADING-EDGE FLAPS (hinged noses) 

are less effective than slats. They are 

mechanically simple and rigid and partic

ularly suitable for thin airfoil sections. 

FIXED SLOTS are the simplest devices for 

postponing leading edge stall, but their 

profile drag penalty is generally prohib
itive for effective cruising, except on 
some low-speed STOL aircraft. 

Leading-edge devices are beneficial if 

there is any possibility of leading edge 

stall occurring, but with the· comparative

ly thick sections used on light aircraft 

and small propeller transports, slats or 
leading-edge flaps are not normally con-



sidered necessary. Stall prevention on the 
outboard wing should be obtained by a prop

er choice of the sectional shape, mod~rate 

taper ratio and washout. If necessary, an 

increased leading-edge radius, drooped 

nose or a part-span slot may be considere~ 

7.6.4. Flight control devices 

A typical arrangement of high lift and 

flight control devices on a swept wing is 

shown in Fig. 7-27, to which the following 

comments can be added. 

SPOILER/ 
AIRBRAKE 

!TWO SECTIONS) 

OUTBOARD 
AILERON 

AIRBRAKE A 
ITWO SECTIONS) .' \ 

INBOARD A 
AILERON .' \ 

DOUBLE SLOTTED FOWLER FLAPS 
WITH FIXED VANES 15 SECTIONS I 

Fig. 7-27. Arrangement of high-liftdevices 

and flight control surfaces in plan view. 

a. Ailerons. 

The aileron span is chosen as small as pos

sible in order to obtain the largest pos

sible flap span, within the limits imposed 

by roll control requirements. Slotted ai

lerons, which are drooped with the flaps, 

are sometimes used on straight wings, where 

the object is to attain the highest pos

sible lift with the additional advantage 

of reducing the induced drag. Their maxi

mum symmetrical deflection is generally 

limited to some 20 degrees, unless roll 
control is augmented by means of spoilers. 

Drooped ailerons on highly swept wings are 

likely to be fairly ineffective, because 

they introduce a large pitching moment and 

the gain in lift is largely reduced by the 

associated trim load. 

If the aileron of a thin wing is deflected 

at a high EAS, the load on it causes the 

wing to twist in the opposite direction. 
This could, in some cases, offset the load 
produced by the aileron, resulting in a 

roll in the wrong direction (aileron re

versal). For this reason some high-speed 

aircraft employ ailerons located closer to 

the wing root, where adequate torsional 

rigidity is present. The outboard ailerons 

operate only at low speeds, while the 
small-span "high-speed" ailerons are oper-'

ative both at low and high speeds. A suit
able location for the high-speed aileron is 

behind the (inboard) engines, since the 

flap will have to be interrupted there to 

keep it free from the jet efflux. In ad

dition, to reduce the size of the ailerons 

on high-speed aircraft, these are frequent
ly assisted by spoiler-ailerons. 

The area of conventional ailerons may be estimated 

in the preliminary design stage from statistical 

data of the parameter Sa!l.a/Sb (Fig. 7-28), which 

is a measure of the rolling moment, for a given 

aileron deflection. 

b. Spoilers may be fitted for various rea
sons; they often combine more than one 

function and usually occupy a substantial 

part of the flap span, just behind the 

rear spar. As shown in Fig. 7-27, the up
per skin consists of stiffened panels 

which can be deflected in almost upright 

position. Immediately after landing, or in 
the event of an aborted takeoff, they may 

be activated either by the pilot or auto-

Fig. 7-28. Dimensions related to the ai

leron geometry. 
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matically (pre-armed). As a result of the 
interrupted airflow over the flaps, the 
wing loses a large part of its lift, which 

increases the normal force on the tires 
and makes braking more effective. In addi
tion, they create considerable drag and 
these combined effects increase the de
celeration by some 20 percent. 

Outboard spoilers may be used in flight 
when an appreciable increment in drag is 

required to obtain a high rate of descent 
or improved speed stability with a con

stant angle of descent. Inboard spoilers 
are not defl.ected in this case to avoid 
disturbing the flow over the empennage and 
prevent buffeting. For this reason the in
board spoilers are only installed to de
crease the lift on the ground and are re

ferred to as ground spoilers (liftdumpers), 

while the others are known as (in-)flight 
spoilers. When acting as drag-producing 
devices, these spoilers are referred to 
as airbrakes (speedbrakes) which may be 
installed both on the upper and lower sur
faces of the wing (Fig. 7-25d). 
The effectiveness of roll control may be 

increased by operating the outboard 
spoilers simultaneously with the upward
moving aileron. Their motion is propor
tional to the control wheel movement when 

it is turned beyond a predetermined angle 
of rotation. These devices, referred to as 
lateral spoilers, may be used as airbrakes 
by deflecting them on both sides. 
A recent development is the use of spoilers 
as elements of a system known as Direct 
Lift Control (DLC), which has been adopted 

on the Lockheed 1011. During the approach, 

in steady flight, all spoilers are de
flected several degrees and when the pilot 

moves the elevator the spoilers are acti
vate.d accordingly, resulting in an instan
taneous gain or loss in lift. This system 
counteracts the slow elevator response 
which is common to most large aircraft, 
particularly when their tail moment arm is 
relatively small. The DLC control system 
is most effective when the flaps are de

flected and it is therefore used only in 
the low-speed configuration. 
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7.7. DIHEDRAL, ANHEDRAL AND WING SETTING 

Once the wing shape and the high-lift sys
tem have been selected, the position of 
the wing relative to the fuselage can be 
laid down. Its vertical position has been 
dealt with in Section 2.2., while the lon
gitudinal position will depend on consid
erations of center of gravity position 
(Chapter 8) and horizontal tail size 

(Chapter 9). 

7.7.1. The angle of dihedral (anhedral) 

The proper amount of rolling moment due to 
sideslip is provided on practically all 
aircraft by means of dihedral, the angle 
being denoted as r (Fig. A-4 of Appendix 

A). Low-wing aircraft with straight wings 

generally have a dihedral of 5 to 7 de
grees, but high-wing configurations re
quire a lower value of up to three degrees. 
For high-wing types with straight taper 
the upper flange of the main spar is often 
straight, and the upper wing skin panels 
may have a single curvature in this case. 
More dihedral is required on low-wing air
craft, for the flow around the· wing/fuse
lage intersection in a sideslip induces a 

non-symmetric wing lift distribution, re
sulting in a rolling moment which counter

acts the effect of the dihedral. Similarly, 
the wing/fuselage interaction contributes 
to the desired rolling moment on high-wing 

configurations. The air forces on a swept 
wing are affected by a sideslip to the ex
tent that the same effect is obtained as 

that exerted by the dihedral on a straight 
wing. This results in an effective dihe

dral ·which increases with the lift \_coef
ficient and may become too large at .. high 
lift coefficients. The yawing motion, fol
lowing a side gust, is accompanied by a 
rolling motion (Dutch roll) which may be 
poorly damped or even unstable and conse
quently objectionable to pilots. This is 

one of the reasons that for most swept 
wing aircraft it is necessary to resort to 

the use of a device, known as a yaw damper, 
which essentially consists of a rate gyro 



transmitting a signal to a servomechanism. 

The rudder is then operated in a direction 

so as to oppose the yawing motion. The yaw 

damper is incorporated in the autopilot, 

and on aircraft with wing-mounted engines 

it has the additional function of sup

pressing the yawing motion following en

gine failure. 

An alternative method to combating the 

lateral-directional stability problems 

with swept wings is to reduce the dihedral, 

or even to use anhedral. This can be re

alized without any layout problem on high

wing aircraft (Fig. 2-4); the application 

of anhedral on some Russian low-wing de

signs by Tupolev necessitated a special 

undercarriage configuration to ensure a 

minimum wing tip clearance with respect 

to the runway in takeoff and during landing 

in crosswind conditions (see also Section 

10.3.1.). 

7.7.2. Wing/body incidence 

The wing setting relative to the fuselage 

is usually chosen such that during cruising 

flight with a representative All-Up Weight 

at a representative altitude the fuselage 

axis or cabin floor will be horizontal. An 

expression for the wing incidence is de

rived in Appendix E (Section E-9.3.), 

taking into account the effects of wing/ 

fuselage interference, body lift and trim 

load. If these effects are ignored, the 

following expression is found: 

(7-42) 

where CL* is the lift coefficient for 

which the fuselage reference line is hor

izontal, a01 the change in zero-lift angle 

of the wing per degree of positive twist 

at the tip and (a~0 )r the zero-lift angle 

of the root section. The lift-curve slope 

can be obtained from Section E-4.1., while 

a01 is approximately -.4 for straight

tapered wings with linear twist. The wing/ 

body incidence may be affected to some ex

tent by considerations of tail clearance 

during takeoff and landing (Section 

10.3.1.). Deviations of more than about 2 

degrees from a level cabin in cruising 

flight should, however, be avoided. 

7.8. THE WING STRUCTURE 

The outline of the wing, both in planform 

and in the cross-sectional shape, must be 

suitable for housing a structure which is 

capable of doing its job. As soon as the 

basic wing shape has been decided, a pre

liminary layout of the wing structure must 
be indicated, which is expected to lead, 

after further refinement and detail de

sign, to a sufficiently strong, stiff and 

light solution, with a minimum of manufac

turing problems. 

7.8.1. Types of wing structure 

Three basic types of primary wing struc

ture can be distinguished (Fig. 7-29): 

MASS BOOM types of wing structure, where 
the flanges of one or two spars take the 

normal forces resulting from bending, 

while the torsional load is carried by 

either the spar webs (differential bending) 

or the combination of the spars and skin 

covers (shear). The single spar wing uses 

the spar web and the nose section or the 

section aft of the spar to combine into a 

box which provides torsional stiffness. 

Mass boom structures are mainly used on 

slow aircraft with thick wings (t/c above 

15 percent) and low wing loadings (up to 

30 lb/sq.ft, 150 kg/m2). Advantages of 

this arrangement are as follows. 

a. Tapered booms are easy to produce and 
may be 'adapted to the local stress level 

desired. If the booms are stabilized a

gainst buckling by means of closely spaced 

ribs, high stress levels are attainable. 

b. The skin is subject only to shear forces 

and with the use of closely spaced ribs 

stringers may be dispensed with, which 

simplifies the manufacturing of the ribs. 

c. Attachment to the fuselage is a simple 
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a , Typical single spar mass boom structure 

b. Typical wing section of a box beam structure 

c. Example of a mul tis par s tructure 

Fig. 7-29. Examples of basic types of wing structure 

matter: only two main frames are required. 
d. We ight penalties for openings and in
specti on doors will be modest . 
The disadva ntages, however, may be of de
c isive importance : 
a . Failure of a spar boom is catastrophic. 
Due to the absence of fail-safe character
istics, the mass boom wing structure is no 
longer use d in new transport aircraft de
signs . 
b. Due to t he high stresses in the spar 
booms t he de flec t ions under bending loads 
are large. 
c . The skin plays no part in absorbing the 
bending moment s o that it is not used very 
efficiently. 
d. If a two- spar configuration i s used, 
t he spar height is less t ha n t he airfoil 
thic kness. The forces in the spar booms 
due t o bending a r e thus incre ased and more 
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material will be required. 
e. Many r i bs are required to stabilize the 
spar booms. 
f. The skin will buckle when loaded i f no 
s t r i ngers are used; this will adversely 
affect the aerodynamic cleanness. 

BOX BEAM structures incorporate skin pan
els, which are stressed not only to take 
shear forces, but also the end load du.e 
t o bending . The example in Fig. 7-29b 
shows a three-spar box beam, but various 
alternatives are known, such as the two
spar box ·beam with or without a stiffened 
nose section. 
From the point of view of fail-safe design 
the stressed skin structure is much better 
than the mass boom type. The skin can be 
divided into s e ve ral planks (multi-load 
pat h) coupled· with spanwise splice members. 



Fig. 7-30. DC-8 wing structure in plan (Ref.: The Aeroplane, 15 Aug. 1958, page 230) 

The web can be designed to accommodate an 
in-service crack, as indicated in the fig
ure. 

By and large, the pros and cons of the box 

beam structure contrast with those of the 
mass boom type. The advantages of the box 
beam will be evident when considerable 

skin thickness is required to obtain suf

ficient torsional rigidity on wings de

signed for high speeds and/ or thin, high 

aspect ratio wings. In lightly loaded 

wings, however, the stress levels in the 

upper skin will be kept fairly low to a

void buckling and the difference inweight 
will be small as compared with the mass 

boom type. Integral construction is often 
employed on highly loaded wings. 

MULTI-SPAR structures are used on very 

thin wings, sometimes in conjunction with 

closely spaced ribs. This type of struc
ture is most unsuitable for the provision 
of cutouts, such as would be required for 

stowing the landing gear or for inspection 
facilities. 

7.8.2. Structural arrangement in plan 

Fig. 7-30 shows the plan view of a t~pical 

wing of a high-subsonic transport aircraft 
(DC-8: wing loading approximately 100 

lb/sq.ft, 500 kg/m 2 ; thickness ratio 12 
percent) . 

The rear spar must be located at a suita

ble chordwise station, leaving sufficient 
space for the flaps and for housing the 

controls to operate the flaps, ailerons 

and spoilers. A rearward shift of this 

spar increases the cross-sectional area 
of the torsion box - and incidentally the 

fuel storage space but the reduction in 
the sectional height will make it less 
efficient in bending. Similar criteria 
apply to the front spar when it is moved 

forward. It is noted that the best flap 
chord for simple plain and split flaps is 
about 25 percent wing chord, but highly 

efficient slotted and Fowler flap systems 

are more effective with flap chords of up 
to 35 or even 40 percent of the wing chord. 
The front spar is located at about 15 per

cent chord , the rear spar at 55 to 60 per
cent. About 5 to 10 percent chord should 

be available between the nested flap and 

the rear spar for control system elem~nts . 

The central part of the wing, bounded by 
the front and rear spars, takes the loads 
from the nose and rear sections and carries 
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them to the fuselage, together with its 

own loads. The primary wing structure of 

transport aircraft is in effect a leak

proof, integral fuel tank, the arrangement 

of which in spanwise direction is dictated 

by considerations of balancing the air

craft for various fuel loads. Center tanks 

should be avoided from the outset, al

though for long-range aircraft they are 

more or less essential. About 3 ft (1 m) 

of the wing tip should be free from fuel. 

Leading-edge structures may contain an 

anti-icing or de-icing system, flaps or 

slats, bleed air and fuel pipes, and they 

are often detachable for inspection and 

maintenance. The structure behind the rear 

spar contains the flaps and flap support 
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structure, spoilers, ailerons and control 

system elements. In the case of swept 

wings the main undercarriage is usually 

retracted into a wheelbay within this 

structure or inside the fuselage. This 

layout makes the moderately swept wing an 

attractive proposition, as the primary 

structure is not interrupted and its 

structural design is simplified, while 

the loss in space for fuel storage is 

minimized. A kink in the trailing edge, a 

reduced sweepback angle of the inner wing 

flap and trailing edge, and a forward 

shift of the rear spar are usually re

quired to create adequate space for the 

wheelbay. 



Chapter 8. Airplane weight and balance 

SUMMARY 

The sensitivity of airplane performance and operating economy to the empty weight is dis
cussed and the value of weight-saving is demons·trated. 
An accurate weight prediction in the preliminary design stage is a most effective way to 
control the weight; it begins with a consistent scheme for weight subdivision and limi
tations. Considerations are presented for making a sound choice of the operational weight 
limitations. 

Some general remarks on weight prediction methods are followed by a comprehensive collec
tion of available and consistent methods, useful for most categories of modern civil air
craft. Attention is paid both to simple approximate methods and to more detailed proce
dures, for which detailed design information must be available. 
The load and balance diagram is introduced to illustrate the flexibility of loading an 
airplane. The effect of the general arrangement and layout of the aircraft on the problem 
of obtaining adequate balance in all likely flight conditions is discussed and a proce
dure suggested for establishing a suitable longitudinal wing location and center of grav
ity range. 

Many references to literature are given, as well as a large collection of data on weights 
and center of gravity ranges of airplane types in present service. 
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NOMENCLA'l'URE 

AC 

Ai 
APS 

APU 

AUW 

a 

BOw 

Bp 

b 

bref 

~s 
c 

e.g. 
D 

DC 

D p 
ESHP 

h 

hh 

k 

kw 

1 

lh 

J.t 

MAC 

MLW (MRLW) 

MTOW (MRTOW) 

MZFW 

mi 

N 

nl,n2, .. ,nm 

nult 
OEW 

Pel 
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alternating current 

capture area of inlet 
Aircraft Prepared for Service 
Auxiliary Power Unit 

All-Up Weight 
constant factor in statistical 
weight equation 

Basic Operating Weight 

number of propeller blades per 
propeller 

span (no index: wing span); 
factor of proportionality in 
statistical correlation 
reference span 
structural span (bs=b/cos A,) 
length of mean aerodynamic chord 

center of gravity 
selling price of payload 

Direct Current 
propeller diameter 
Equivalent Shaft Horse Power 
(takeoff, standard atmosphere) 
height; depth 
height of horizontal tailplane 
above fin root 
factor of proportionality 
factor of proportionality for 
the weight of a group of items 
length; moment arm; distance 
between end faces of a prismoid 
horizontal tail length (cf. 
Chapter 9) 

distance between 1/4-chord 
points of wing and horizontal 
tailplane root (see Fig. D-2) 
Mean Aerodynamic Chord 
Maximum (Regular) Landing Weight 
Maximum (Regular) Takeoff Weight 

Maximum Zero Fuel Weight 
ratio of actual to estimated 
weight for a sample point 

number of an item present in 
the airplane 
exponent of a weight parameter 
ultimate load factor 
Operational Empty Weight 

total electrical generator 
power (kVA) 

SIV 
SMC 

swet 

Tto 

u 
u.c. 

v 

vb 

VD 

vmax 
w 
wba 
wf 

to 

takeoff horsepower per engine 
(sea level, static) 

maximum range with maximum pay
load (Fig. 8-3) 

maximum range with maximum fuel 
(Fig. 8-3) 

reference range 
(projected) area of a surface 
(no index: wing area) ; standard 
error of predi.ction 

areas of parallel end facPs of 
a prismoid 
gross shell area of the fuselage 

exposed horizontal tailplane 
area 
Standard Item Variations 
Standard ~ean Chord 
wetted area 

takeoff thrust per engine (sea 
level, static) 

(absolute) maximum thickness 
of root chord 
annual airplane utilisation 
undercarriage 
speed; volume 

blockspeed 

Design Dive speed 
maximum horizontal flight speed 
weight 

rated bleed airflow of APU 
fuel flow per engine, corre

sponding to Pto or Tto 
Delivery Empty Weight 
Operating Empty Weight 
Gross Weight 
Maximum Zero Fuel Weight 
x-axis; parameter for wing 
weight estimation example 

coordinate of MAC leading edge 

coordinate of weight contribu
tion; sample value of X 

range of x-coordinates for the 
e.g. 
airplane e.g. position for the 

OEW 
weight of an airplane part 
actual (measured) value of Y 
for a sample 
maximum deflection angle; 

incidence variation 



sweepback angle at 50% chord 

(no index: wing) 

average load factor 

~ 1 ,~ 2 , .. ,~m parameters for general weight 

estimation formula 

Subscripts 

APU 

APUG 

ba 

cc 

cf 

cg 

ch 

d 

e 

el 

er 

f 

fc 

fg 

ft 

Auxiliary Power Unit 

APU Group 

(APU) bleed airflow 

cabin crew 

cabin floor 

center of gravity 

cargo hold 

intake duct 

engine(s) 

electrical system 

bending moment relief due to 

engine(s) 

fuselage; flaps; fuel 

flight crew 

fuselage group 

fuel tank 

8.1.INTRODUCTION; THE IMPORTANCE OF LOW 

WEIGHT 

Weight minimization of an airplane design 

is a subject of the utmost importance. Al

though reduction of weight is generally 

obtained only at some initial cost penalty, 

the effects on total operating costs are 

paramount for most high-performance designs, 

particularly for large and complex air

planes. In many cases the increased weight 

of one component means added weight else

where, leading to the well-known snowball 

effect of weight growth. The opportunities 

to achieve a weight reduction and the as

sociated costs depend upon the phase of the 

design process. 

a. During the initial conceptual design the 

choice of the airplane layout, geometry and 

detailed configuration affects weight. The 

design layout should be carefully optimized 

and high accuracy of the initial weight 

prediction is a prerequisite. Weight pre-

geo 

h 

he 

i 

ieg 

ld 

LEMAC 

n 

p 

pax 

pc 

pg 

s 

sb 

sc 

tail 

thr 

to 

uc 

v 

w 

we 

wg 

wt 

geometric shape 

horizontal tailplane 

horizontal tail controls 

inlet; installation; sample 

instruments and electronics 

group 

lift dumper 

Leading Edge of MAC 

nacelle (group) 

propeller 

passengers 

passenger cabin 

propulsion group 

structure; slat 

speed brake 

surface controls group 

horizontal plus vertical tail 

thrust reverser 

takeoff 

undercarriage 

vertical tailplane 

wing; weight 

toilet/watercloset compartment 

wing group 

water tank for injection fluid 

diction is necessary not only to make an 

assessment of the design qualities, but al

so to set a goal for the structural and 

systems design offices. The initial weight 

prediction must be a realistic challenge to 

both. This type of work, being the normal 

task of the preliminary design office, in

volves virtually no extra costs. 

Weight reductions or increments are gener

ally evaluated for constant design perform

ance, unless limited engine performance 

does not permit this. Any component weight 

increase is therefore associated with a 

takeoff weight increase. If, however, the 

component weight growth is caused by a de

sign change to improve performance - e.g. 

improved high-lift devices, increased wing 

span - the final result may well be a take

off weight reduction. 

Sensit1vities to structure weight increments 

are shown in Table 8-1 for some typical mis

sions. In the case considered, a 10% struc

ture weight growth was followed by a re-
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AIRPLANE CATEGORY DESIGN RANGE EFFECT ON MTOW 

subsonic transport 250 nm ! 6.5 % 

1000 nm 6.9 % 

I 3000 nm 7.0 % 
i 

supersonic transport i 3000 am 9.4 % 

transport VTOL 
I 

250 6.9 7. 

I 
nm 

military VTOL 250 nm 9.5 % 
'----· 

Table 8-1. Effect of a 10% increase in 
structure weight on maximum takeoff weight 

for a constant mission (Reference: ICAS 

Paper No. 66-1) 

sizing process in order to maintain the 

specified payload-range and other perform

ance. The data presented are illustrativ~ 

only, the sensitivity also depending on· 

where the weight growth occurs. 

An even more sensitive case is that of a 

fixed takeoff weight. A typical weight 

breakdown* of a conventional design of a 

medium subsonic propeller turbine transport 

is as follows: 
OEW 61% MTOW 

Payload: 22% MTOW 

Fuel 17% MTOW (5% reserve, 12% trip 

fuel) 

Increasing the OEW by 5% MTOW to 66% MTOW 

initially reduces the payload by 22% for 

the same range or the range by 42% for the 
same payload. Obviously, the final result 

may be quite different if the airplane is 

redesigned to accommodate the reduced pay

load. 

b. During detail design it is essential to 

save every small item of weight that can 

possibly be saved, in order to ensure a 

high standard of weight prediction accuracy 

and to continuously monitor the weight, 

us:rng an effective weight control system. 

In most airplane development programsweight 

reduction programs must be started occasion

ally in order to redress unfavorable weight 

creep which may have become apparent. Some 

cost may be involved in the form of addi

tional manpower, but this is often a small 

*Definitions in Section 8.2.2. 
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portion of the penalties incurred by an 

overweight design. 

In order to save weight, the use of ad

vanced materials and sophisticated manufac

turing techniques may be considered, re

sulting in a reduction of the amount of 

material required. The weight saving may 

be used to reduce the takeoff weight or to 

increase the payload or fuel load. However, 

the cost involved may lead to a noticeable 

increase in the price of the airplane and 

an assessment of the value of the weight 

saving should be made. 

c. During negotiations with potential cus
tomers the question will arise whether or 

not the design is subject to special re

quirements, resulting in a weight penalty. 

For a civil transport aircraft the weight/ 

cost tradeoff can be based on the value of 

payload to the operator, which in turn de

pends upon the productivity of the aircraft 

and the frequency with which the payload 

availability can be sold. The revenue on a 

pound of capacity payload on a critical 

PERCENTAGE OF MTOW 

.. t:l 
0 a-> AIRPLANE CATEGORY 

.. .. .... me ., .... ... ..... .. .. () ""' "0., >o.c 
.... " "'" .. ..... .... 0 0 M"' i''O: ....... .. .. .... t:l .... ..... .... .. .. ) 

PASSENGER TRANSPORTS 

short-haul jets 31.5 8.0 13.5 53.0 

turboprops 32.0 12.5 13.5 58.0 

pistons 29.5 20.5 15.5 65.5 

long-haul jets 24.5 8.5 9.0 42.0 

turboprops 27.0 12.0 12.0 51.0 

pistons 25.5 17.5 11.0 54.0 

FREIGHTERS 

short-haul turboprops 35.0 13.0 8.0 56.0 

long-haul turboprops 26.5 10.0 7.0 .43.5 

EXECUTIVE JETS 27.5 8.0 15.5 51.0 

Table 8-2. Typical average empty weight 

fractions for several categories of trans

port aircraft 
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Table 8-3. Weight breakdown 

for civil conventional air

planes (AN 9103 D, modified) OP£RATIONAt. DtPTY WElCH! 

sector* is given by: 

revenue = constant Vb U D ~ $/annum (8-1) 

For a utilization U = 3000 hours per annum, 

a load factor~ =.55 and a passenger rev-

enue D .45$ per sh.ton nm, the revenue is 

$167 per lb per annum for an average block 

speed vb = 450 kts (835 kmh). During a 12-

year service period this amounts to $2000 

*i.e. a sector where the MTOW is restrict

ed by field length or other operational lim

itations. 

per lb. In practice, the money lost by the 

operator will be a mixture of lo~t passen

ger revenue, cargo revenue or extra fuel. 

Moreover, not all sectors are critical all 

the time and therefore the value of a pound 

of empty weight will be a traction of the 

stated value, e.g. 10-15% . However, the 

lesson to be learnt from these figures is 

that the empty weight must not increase to 

such an extent that the capacity payload 

cannot be achieved. 

Basic Empty Weight is composed of ~irframe 
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structure weight, propulsion group weight 
and the weight of airframe equipment and 
services (see Table 8-3). Many contribu
tions to these weight groups are affected 
to some extent by the airplane layout; this 
applies to the structure weight in partic
ular. A survey of empty weight fractions 
for several airplane categories is given 
in Table 8-2. In comparing the structure 
weight fraction of modern airplane types 
with oldtimers, it is sometimes noted that 
this fraction has not improved, probably 
for the following reasons: 
a. The relative fuel and propulsion group 
weights must be taken into account. Due to 
the improved engines of recent years, these 
weight fractions have decreased and, for 
the same payload, the structure weight 
fraction tends to increase. 
b. The wings of modern high-subsonic air
planes are swept and relatively thin. More 
emphasis has to be laid on stiffness re
quirements, leading to weight penalties. 
c. Improved high-lift devices have resulted 
in higher unit structure weights for the 
wings. 

d. Fatigue life requirements are critical 
for modern transport airplanes, leading 
to limitations in the stress levels, e.g. 
in pressurized cabins. An example of the 
empty weight penalty to improve the air
frame lifetime is shown in Fig. 8-1. 

RELATIVE 
FATIGUE 

PERFORMANCE 

lt STRESS, 1000 PSI 

18 20 

Fig. 8-1. Effect of level flight stress 
level on OEW and fatigue performance (Refer
ence: AIAA Paper No. 66-882) 

e. More stringent airworthiness requirements 
concerned with the safety and comfort level 
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have resulted in more complex and heavier 
structure and airframe systems. 

Weight prediction in the preliminary design 
is necessary to performance prediction, 
center of gravity determination and design 
of the undercarriage, and also to provide 
the various design departments with real
istic design weights and weight limits. The 
following sections demonstrate how a weight 
prediction may be obtained. The publica
tions mentioned in the list of references 
contain a large amount of information, al
though in many cases the methods presented 
are based on a particular category of air
craft and state of the art and do not take 
changes in technology into account; for 
these reasons their value is very limited. 
A good weight estimate starts, however, 
with clear definitions and effective sub
division of the items to be considered and 
that is the subject dealt with in the 
following section. 

8.2. WEIGHT SUBDIVISION AND LIMITATIONS 

The airplane is composed of a large number 
of parts which can be combined into groups 
according to several schemes. The weight of 

these groups and several combinations of 
groups are of importance in the design, 
certification and operation of the air
plane. Unfortunately, there is little in
ternational agreement in the matter of 
weight terminology, leading to some con
fusion with regard to the actual meaning 
of terms. In this section the most common
ly used weight terminology is explained and 
various relationships demonstrated. Not 
only the weight subdivision is dealt with, 
but also various limitations on several 
characteristic weights. The proposed scheme 
is representative of a wide range of com
mercial airplane designs. Some considera
tions are offered to enable a reasonable 
first choice of the various limits to be 
made. 
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Fig. 8-2. Weight groups and characteristic 

weight terminology (not to scale) 

8.2.1. Weight subdivision 

Figure 8-2 gives a subdivision into main 

groups and combinations of these in char

acteristic weight terms. 

a. Main groups. 

Various terms are defined below and in 

Table 8-3. More detailed weight break

downs will be presented in Section 3.4. 

AIRFRAME STRUCTURE: the wing group, the 

tail group, the body group, the alighting 

gear group and the engine nacelle group. 

The surface controls group may be classi

fied as airframe structure or as a part of 

the airframe services. 

PROPULSION GROUP: the engine(s), items as

sociated with engine installation and op

eration, the fuel system, and thrust re

versing provisions. 

AIRFRAME EQUIPMENT AND SERVICES: APU(s) 

instruments, the hydraulic, electric and 

electronic systems, furnishings and equip

ment, air-conditioning, anti-icing systems 

and other equipment. A further subdivision 

into fixed and removable equipment is use

ful for obtaining an accurate and ~epeat

able empty weight definition. 

FIXED EQUIPMENT AND SERVICES are considered an in

tegral part of a particular aircraft configuration. 

These include the weight of fixed ballast (if pres

ent) and the fluids which are contained in a closed 

system (such as hydraulic fluid). 

REMOVABLE EQUIPMENT AND SERVICES are those items of 

equipment or system fluids that are not considered 

an integral part of a particular aircraft configu

ration. Removable separating walls, passenger 

seats*, floor covering, basic emergency equipment. 

and the like are typical example~~· 

Aircraft of a given type are usually ordered by 

different operators, each of whom has particular 

requirements with regard to equipment and services. 

Various items of equipment are not delivered by the 

airplane manufacturer (government- or buyer-fur

nished equipment). Consequently, a standard or bas

ic airplane configuration is usually defined with 

items of equipment or systems fluid which do not 

vary for aircraft of the same type: Standard Items. 

Those items which operators choose to add to, omit 

from or change in the Removable Equ.i_pment are re

ferred to as Standard Item Variations (SIV) • These 

items are the Operator's responsibility. 

OPERATIONAL ITEMS are those items of per

sonnel, equipment and supplies that are 

necessary on a particular operation, un

less already included in the Basic Empty 

Weight**, i.e. crew, manuals, crew bags, 

catering supplies, water supplies, oil, 

unusable fuel***, additional emergency e

quipment, tool kits, etc. These items may 

vary for a particular airplane configu

ration according to the operator's allow

ances for the service intended. However, 

a minimum crew is defined for each air

plane by government regulations. Alterna

tive terms: Operators Items, A(ircraft) 

P(repared for) S(ervice) Items. 

PAYLOAD: all commercial load which is 

*Passenger seats are occasionally con

sidered as Operational Items 

**See Para. b of this Section and Fig. 8-3 

***unusable fuel is occasionally included 

in thP RRmnv~hl~ P.quipment 
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RANGE - NM 

Fig. 8-3. Derivation of the payload-range 

diagram 

The Total Fuel load cannot exceed the 

Usable Fuel Capacity (Section 8.2.2.). 

b. Characteristic weight terminology. 

The main groups can be combined in several 

ways; the tollowing terms have specific 

meanings in operational use. Several def

initions are deduced directly from Fig. 8-2 

and are self-explanatory. 

MANUFACTURER'S·EMPTY WEIGHT (MEW) is the 

weight of the airframe structure, power

plant .installation and Fixed Equipment and 

Services. It is essentially a "dry" weight, 

excluding unusable fuel and oil, anti-icing 

fluid, potable water and chemicals in 

toilets. 

DELIVERY EMPTY WEIGHT (DEW) is the weight 

of the airplane as produced and delivered 

by the manufacturer. It is equal to the 

Manufacturer's Empty Weight plus the weight 

of Standard (Removable) Items. Alternative 

term: Empty Weight Dry. 

The condition at the time of determining the MEW 

carried: passengers and thei.r baggage, must be one that is well defined and easily re-

cargo and mail. Alternative terms: traffic pea table. The Empty Weight is established exper-

load, transport load. The payload must nev- imentally by weighing the delivered airplane and 

er exceed the maximum volumetric payload is laid down in the certification documents. 

capacity or the maximum structural payload The Tare Weight is the nominal (calculated) Empty 

(Section 8. 2. 2.) • The Estimated Normal Pay- Weight; it differs from the experimentally de

load is a payload selected by an operator termined Empty Weight due to the Manufacturing ...__ 
according to the seating pattern and for Variation. 

the passenger and cargo unit weights al- BASIC EMPTY WEIGHT (BEW) is the Delivery 

lowable, and is used for statistical and Empty Weight plus or minus the net weight 

other related purposis. of the SIV. It is also equal to the Manu-

TOTAL FUEL: all usable fuel, engine injec- facturer's Empty Weight plus the weight of 

tion fluid and other consumable propulsion the Removable Items. Alternative term: Basic 

agents. A subdivision is made into: Weight. 

- fuel consumed . during engine runup and The Fleet Empty Weight is an average value of the 

taxying prior to takeoff, Basic Empty Weight of a fleet or group of airplanes 

- trip fuel, i.e. the fuel consumed during of the same model and configuration, with similar 

flight up to the moment of touchdown in Services and Equipment, operated by the same air-

the landing, liner. 

- reserve fuel*, determined by the Operator OPERATIONAL EMPTY WEIGHT (OEW): the weight 

in accordance with the relevant Operation- of the airplane without Payload and Fuel. 

al Rules, and Alternative terms: APS Weight, Basic Oper-

- additional fuel (available for further ational Weight (BOW), Weight Empty Equipped. 

flights, for example). ZERO FUEL WEIGHT: the OEW plus payload. It 

must not exceed the Maximum Zero Fuel 

*Reserve fuel may be burnt during taxying 

after landing 
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Weight (Section 8.2.2.). Alternative term: 

Empty Tank Weight. Occasionally the term 



Zero Wing Fuel Weight is used to denote 

the airplane weight less fuel in the wing. 

This concept is important in the case of 

airplanes with fuel tanks both in the wing 
and in the fuselage or elsewhere. 

TAKEOFF WEIGHT: the total weight of a dis
patch-loaded aircraft at the moment of 

brake release or start of the takeoff run. 
It depends upon the loading condition and 

must not exceed the Maximum Takeoff Weight 
and the operational weight limitations in 
relation to the available performance (Sec
tions 8.2.2. and 8.2.3.). 

RAMP WEIGHT: the Takeoff Weight plus the 
weight of fuel required for engine run-up 
and taxying prior to takeoff. It must not 
exceed the Maximum Ramp Weight (Section 
8.2.2.). Alternative term: Taxying Weight. 
LANDING WEIGHT: the airplane weight at the 

moment of touchdown in the landing. The 
Landing Weight must not exceed the Maximum 
Landing Weight or the operational weight 
limitations referred to in Sections 8.2.2. 
and 8.2.3. 

GROSS \"lEIGHT: the total airplane weight at 
any moment during the flight. It decreases 
during the flight due to fuel and oil con
sumption and may also vary due to payload 
dropping or refuelling during flight. Al
ternative term: All-Up Weight (AUW). 
At the moment of brake release, the Gross 
Weight is equal to the Takeoff Weight; 
during flight it is referred to as En
Route Weight or In-Flight Weight. It is 
limited by several weight restrictions 
mentioned in Section 8.2.2. 

OPERATING WEIGHT (the author recommends 

the term Zero Payload Weight): the weight 
of the laden airplane, but without pay
load. Consequently, the Operating Weight 

is equal to the OEW plus the Total Fuel. 
It cannot exceed the Usable Fuel Capacity 
(Section 8.2.2.). 

DISPOSABLE LOAD AND USEFUL LOAD: the var
iable load (Payload and Fuel) that can be 
taken on a particular flight operation. 
Both items are determining factors for the 
payload-range capabilities and the econom
ic yield of the airplane, as explained in 
Section 8.2.3. These loads are limited by 

the Permissible ·Load, i.e. the difference 

between the Maximum Takeoff Weight and the 
Basic Empty Weight. 

8.2.2. Weight limitations and capacities 

Restrictions must be imposed on several 
variable characteristic weights in order 
to avoid overloading of the structure or 
unacceptable performance or handling qual

ities during any phase of day-to-day oper
ation. Weight limits are therefore estab
lished during the process of design and 
certification for airworthiness and laid 
down in the Flight Manual (FM) and other 
documents associated with the Certificate 
of Airworthiness (C of A). 

Although definite weight limits are not 
established until certification tests, 

reasonable values must be anticipated dur
ing preliminary design in order to ensure 
satisfactory operational flexibility. 

a. Maximum and Minimum Weights. 

Maximum weights must be established for 
each airplane operating condition (ramp 
or taxying, takeoff, en-route flight, ap
proach and landing) and loading condition 
(zero fuel condition, center of gravity 
position, weight distribution).They should 
not exceed the least of the following: 

l. The greatest weight for which compliance 
with the relevant structural and engineer
ing requirements has been shown. This 
weight limit is usually designated as a 
Design Weight, e.g. the Design Take-Off 

Weight. 

2. The greatest weight for which compliance 
with the relevant handling requirements in 
flight has been demonstrated, a weight re
striction which is particularly important 
for aerobatic airplanes, where certain aero
batic maneuvers can only be executed with a 
limited Gross Weight. 

3. The greatest weight for which performance 
data have been established. 
4. A weight selected by the Applicant~ 
These maximum weights are determined by the 

*generally the airplane manufacturer 
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design and are invariable during service. 

As a rule, the four criteria mentioned a

bove will not differ greatly, except in the 

case of an airplane type for which certi

fication is requested under several differ

ent regulations or airworthiness categories. 
The following maximum weights must be estab

lished on most commercial airplane types. 
MAXIMUM RAMP WEIGHT: the maximum weight 

authorized* for ground maneuvering prior 

to brake release in the takeoff. Alterna

tive term: Maximum Design Taxying Weight. 

MAXIMUM TAKEOFF WEIGHT (MTOW) : the maximum 
weight authorized* at takeoff brake release. 

It is frequently fixed by structural re

quirements in the takeoff and occasionally 

by the Maximum En Route Weight. The Useful 
Load corresponding to the MTOW is the 

Permissible Load or Maximum Useful Load. 

MAXIMUM LANDING WEIGHT (MLW) : the maximum 

weight authorized* at the landing. It gen

erally depends on the landing gear strength 

or the landing impact loads on certain 

parts of the wing structure. The MLW must 
not exceed the MTOW. 

MAXIMUM (IN-) FLIGHT WEIGHT (MFW): the max

imum weight at which flight other than 

takeoff and landing is permitted. The Max

imum Flight Weight and the MTOW are gen

erally equal, except when provisions for 

refueling in flight exist. The "flaps-up" 

condition is assumed, unless otherwise 

The empty tank case can be a critical loading case 

in certain critical areas of the structure at pos-

itive load factors, as there is no relieving load 

due to the fuel mass. For some aircraft there may 

be a limit to the weight for initiating fuel trans-

fer between tanks {Maximwn Design Fuel Transfer 

Weight, MFTW}. 

b. Loading restrictions and minimum weight. 

Mass distribution: for each airplane weight 

the mass distribution must be such that: 

1. the center of·gravity remains within the 

appropriate limits for ensuring satisfactor~ 

handling qualities (Section 8.5.2. andChap-

ter 9); 

2. compliance with structural requirements 

such as allowable floor loads, external 

loads, braking loads, deceleration loads in 

emergency landings, etc. can be shown. 

Minimum Weight: flight is prohibited if not 

clearly impracticable at weights below the 
Minimum Weight, which is not less than the 

greatest of the following weights: 
1. the Design Minimum Weight, i.e. the 

lowest Gross Weight at which compliance 

with the structural loading conditions can 

be demonstrated; 

2. the lowest Gross Weight for which com-

pliance with the relevant handling re-

quirements can b·3 demonstrated; 

3. a weight selected by the Applicant. 

stated. Alternative term: Maximum En Route c. Capacities. 
Weight. SPACE LIMITED PAYLOAD (SLP): the maximum 
MAXIMUM WEIGHT: the greater of the MTOW and payload available for passengers, passen-
the MFW. The Maximum Design Weight is the gers' baggage and/or cargo when restricted 
maximum of the corresponding DesignWeights. by seating limitations and/or volumetric 
MAXIMUM ZERO FUEL WEIGHT (MZFW): the maxi- limitations in the cabin, cargo and/or 
mum weight of an aircraft less the weight baggage compartments. It must not exceed 
of the Total Fuel Load and other consumable the Maximum Payload. 
propulsive agents in particular sections of Alternative terms: Volumetric Payload Ca-
the aircraft that are structurally limited pacity, Maximum Volumetric Capacity Pay-
by this condition. At this weight the sub- load. 
sequent addition of fuel will not result in MAXIMUM (STRUCTURAL) PAYLOAD: the maximum 
the aircraft design strength being exceeded. weight of passengers and their baggage, 
The weight difference between the MTOW or cargo and/or mail that can be loaded in 
MLW and the MZFW may be utilized only for the Aircraft Prepared for Service without 
the addition of fuel. exceeding the MFZW. 

MAXIMUM SEATING CAPACITY: the maximum num-

*by relevant government regulations ber of passengers anticipated forcertifi-
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cation. This limit may, for example, cor

respond to the number of available emer

gency exits. 

MAXIMUM CARGO VOLUME: the maximum space 

available in the cargo compartment(s). 

USABLE FUEL CAPACITY: the maximum volume 

of fuel that can be carried for a partic

ular operation, less drainable and trapped 

unusable fuel remaining after a fuel run

out test has been effected. 

Alternative term: Standard Fuel Capacity. 

The OEW plus the (weight corresponding to 

the) Usable Fuel Capacity is the Maximum 

Operating weight. The author recommends 

the term: Maximum Zero Payload Weight. 

d. Weight restrictions based on available 

performance . 

For each flight the highest operational 

weights must be determined for which all 

performance requirements can be met, 

taking off from the field of departure and 

landing at the scheduled field of destina

tion or alternate. Appropriate atmospheric 

conditions (pressure altitude, temperature, 

wind speed and direction) and field char

acteristics (runway length, inclination, 

clearways, stopways) must be accounted 

for. The wing flap angle(s) may be chosen 

such that the most favorable condition is 
obtained. 

The weight permitted for takeoff and land

ing is the lowest of the following: 

1. the weight restricted by the available 

takeoff and landing field length; 

2. the weight restricted by available 

climb performance as laid down in the 

W(eight) A(ltitude) T(emperature) dia

grams*; 

3. the weight limited by obstacle clear

ance requirements; 

4. the weight limited by airport runway or 

platform loading restrictions; 

5. the weight limited by local noise regu

lations (if any). 

8.2.3. Operational weights and the payload-

*cf. Section 11.6.2. 

range diagram 

For each regular flight operation, the op

erator must guarantee that all limitations 

applying to the weights and capacities 

mentioned previously have been respected. 

The interaction of the various weight cri

teria results in limitations to the opera

tional weights determined in accordance 

with the Operational Rules (Operational 

Weights, Regular Weights). The actual Take

off Weight, Landing Weight and Payload for 

a particular flight must never exceed the 

limiting weights defined below. 

OPERATIONAL LANDING WEIGHT (OLW) is the 

maximum weight authorized for landing and 
is the lowest of: 

1. the Maximum Landing Weight; 

2. the permissible Landing Weight based on I 

available performance; 

3. the Maximum Zero Fuel Weight plus the 

fuel load on landing. 

Alternative (British) term: Maximum Regular 

Landing Weight (MRLW) • 

OPERATIONAL TAKEOFF WEIGHT (OTOW) is the 

maximum weight authorized for takeoff and 

is the lowest of: 

1. the Maximum Take-Off Weight (MTOW); 

2. the permissible Takeoff Weight based on 

available performance; 

3. the Operational Landing Weight plus 

trip fuel; 

4. the MZFW plus the fuel vn takeoff; 

5. the Takeoff Weight restricted by the 

Maximum Operating Weight (Useful Fuel 

Capacity). 

Alternative (British) term: MaximumRegular 

Take-Off Weight (MRTOW) • 

WEIGHT-LIMITED PAYLOAD is the weight re

maining after the Operating Weight is de

ducted from the OTOW. 

The payload that can be carried is shown 

in Fig. 8-3 in relation to the flight 

range and can be computed from the inter

relationships between the previous opera
tional weights and other limitations. 

For short stages (line AB) the Payload 

must not exceed the Space Limited Payload 

or Maximum Structural Payload or is limit

ed by the allowable floor loading. In the 
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example given the Maximum Structural Pay

load is assumed to be the limiting criter

ion. 

For flight ranges below Ra• additional fuel 
can be carried up to the OTOW determined by 

the MLW, as indicated. This is possible 

only if the MZFW plus fuel reserve is less 

than the MLW, as is usually the case. 

For intermediate and long stages the pay

load is ~eight-limited and thus equal to 

the difference between the OTOW and the 

Operating Weight. Between points B and C, 

the MTOW is assumed to limit the takeoff 

weight in the case considered. Point B 

corresponds to the maximum flight range 

<Ral with maximum payload appropriate to 
the relevant cruising conditions and re

serve fuel policy. Increasing the range 
beyond Ra is possible only by an exchange 

of payload against fuel. 

At point C (range Rcl the usable fuel load 
is limited by the fuel tank capacity and 

the Operating Weight reaches its limit. 

Further increase of the range is possible 

only by reducing the takeoff weight - and 

thus the hourly fuel consumption - result
ing in a progressive payload reduction 

with increasing range. At point D there is 

no payload left and ~ is the maximum 

flight range (without payload), usually 

specified for a long-range cruise tech

nique. 
For normal commercial use the region CD is 
of minor importance and Rc is frequently 

referred to as the maximum range. If 

sufficient space is available, botP Rc and 

~ may be increased by additional internal 
fuel tank capacity for relatively low 

structural weight and drag penalties. A 

range increment may also be achieved with 

external fuel tanks. 

8.2.4. The choice of weight limits 

A compromise must be made between various 

conflicting requirements in order to de

sign an airplane with adequate operational 

flexibility, satisfying the requirements 

of several operators on a variety of routes, 

under different atmospheric and field con-
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ditions. Discussions with operators may 

lead to incompatible requirements, in 
which case several versions of basically 

the same airplane may be considered, with 

differences in MZF~and Useful Fuel Capac

ity, for example. Fig. 8-4 illustrates the 
flexibility of a particular airplane de

sign. A discussion on this subject can also 

be found in Ref. 8-11. 

Fig. 8-4. Payload-range diagrams for sev

eral versions of the same airplane type 

The Maximum Take-Off Weight is generally 

determined by structural design, and oc

casionally by handling criteria. In the 
pre-design stage the MTOW is calculated 
by adding together the OEW, the Estimated 

Normal Payload and the Total Fuel Load re

quired at the design range*. Empty weight 

predictions (Section 8.4.) and performance 

calculations (Section 11.5.) are required 

to accomplish this. The airplane layout, 

geometry and engine thrust must be balanced 
in such a way that for the airport eleva

tions and atmospheric temperatures most 

frequently encountered the takeoff weight 
is not unduly limited by restrictions 

based on available performance. An incre

ment in MTOW might be envisaged for oper

ators whose low-speed performance require

ments are not so stringent, in order to 
provide greater ranges and/or payload ca
pability. In such a case increments in the 

MZFW, the MLW and the DEW will be desirable 

to cater for the increased loads on cer

tain critical regiOns of the structure. 

*The word "design" here refers to the val

les laid down in the design specification 



Certain light airplane categories are de

fined by limitations on the MTOW, e.g. 

airpl~nes with MTOW up to 6,000 lb or 
12,500 lb (2,722 kg or 5,670 kg). The as
sociated differences in airworthiness re
quirements have far-reaching effects on 
the design and operation of such airplanes 
(cf. Se~tion 5.4.). 

The Maximum Zero Fuel Weight must be suf
ficiently high to ensure that this struc
tural limit will not create a payload re
striction for the usual payload specific 
densities and loadi·ng conditions. An in
crement in MZFW increases the loading 
flexibility at the cost of a structure 
weight penalty, mainly in the wing and 
wing-support structure. Usually this also 

entails an increase in the MLW. For pre
liminary design the Space Limited Payload 

can be estimated with the data in Sections 
3.2.5. and 8.4.4. The MZFW is thus assumed 
equal to the OEW plus the payload corre
sponding to a high-density version of the 

passenger seating arrangement. 

The Maximum Landing Weight should always 
be higher than the MZFW plus the regular 
fuel reserve, otherwise the payload will 
frequently be limited by the MLW. For cer
tain categories of light airplanes the MLW 

and the MTOW are equal (BCAR group K); for 
others the MLW may be slightly lower, 
namely down to 95t MTOW (cf. FAR 23.473). 
The difference between the OTOW and the 
actual takeoff weight required for a spe

cified flight may be used for additional 
fuel (Fig. 8-3). This is of particular 

concern to operators flying short route 

sectors without refueling. For short-haul 
aircraft this type of flight execution is 
common practice and a fairly high MLW is 

desirable, namely of the order of 90 to 
95t of the MTOW. Sufficient fuel tank ca

pacity should accordingly be provided. 
A fuel jettisoning system is required on 
most multi-engine aircraft unless theair
plane meets certain landing and approach 
climb requirements at a weight equal to 
the MTOW minus the fuel consumed during a 

specified 15-minute flight (FAR 25.1001). 

Choosing the MLW above ·this characteristic 

weight makes a fuel dump system super
fluous. In earlier regulations this char
acteristic (landing) weight was equal to 
the MTOW divided by 1.05. 
The position may be sUIIIDSrized·. by sayinq that for 

commercial use the MLW is usually between the MZFW 

plus a normal fuel reserve and approximately 95\ 

of the MrOW. The followinq statistical relation

ship can be used to make a reasonable choice of 

the MLW: 

MLW - MZFW 
MTOW - MZFW a • 2 + •9 exp (-~/Rref) (8-2) 

for ~ > 172 nm (320 km) 

where ~ is the desiqn ranqe for max. payload 

(cf. Fiq. 8-3) and 

Rref is 1000 nm if ~ is in nm, or 1854 1cm 

if~ is in km. 

8.3 METHODOLOGY OF EMPTY WEIGHT PREDICTION 

Most airplane manufacturers develop their 
own methods of empty weight prediction, 

usually basing them on extensive experi

ence with a limited and well-defined cat
egory of airplanes. The more generalized 
and simpler methods presented in this 

textbook have a predictive accuracy of the 
order of 5 to lOt standard error for the 
major groups. In the terminology of Sec
tion 5.2.1., they may be classified as 
methods for configuration selection as 

far as the structure weight is concerned. 
If the method is applied judiciously, the 
result will be quite realistic. 

Part of the discrepancy between the pre
dicted weight of a particular aircraft 
part and the actual weight can be ascribed 
to different definitions of such weight 
items. Typical sources of accounting dif
ferences can be observed in the wing
fuselage interconnection and carry-through 
structure and fillets, in retractable un

dercarriage structures such as wheel doors, 
and in several items of furnishing and 
equipment. If a consistent weight predic-

275 



tion method is used, the final addition of 
all items to the empty weight will be not 
greatly in error. Although the accuracy of 
prediction does not necessarily improve 
when more details or parameters are intro
duced, the designer generally aims at a 
fairly detailed knowledge of weight penal
ties and contributions for the purpose of 
center of gravity determination, optimiza
tion and weight control. It is. shown in 
several reports of the Society of Allied 
Weight Engineers (SAWE) that there is at 
this stage of the design an optimum number 
of paramete~s which yields a minimum pre
diction error (cf. Ref. 8-38). 
The subdivision of the empty weight as pre
sented in Table 8-3 is' based on the AN* 
9103-D Group Weight Statement, slightly 
adapted for civil use. For center of grav
ity determination (Section 8.5.) the moment 
arm and static moment of each item can be 
substituted. More detailed weight break
downs are frequently required; for several 
weight groups these will be given in Sec
tion 8. 4. 

Although a wealth of detailed published in
formation on weight engineering can be 
found in various Technical Papers of the 
SAWE, consistent and up-to-date methods 
for calculating the empty weight of the 
various categories of modern civil air
planes are very scanty indeed. Several ex
amples in the list of references (Ref.8-47/ 
8-63) may be used, but in most cases the 
designer will have to develop ad hoc 
methods. The information contained in 
Table 8-5 may be helpful for checking the 
accuracy of these methods by comparing the 
results with data on several existing air
planes. 

In preliminary aircraft design weight pre
diction is always a mixture of rational 
analysis and statistical methods, the 
reason being that many design details are 
still not known at that moment. Statistical 
weight equations for many components are 
usually written in the exponential form, 

*American Normalisation 
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as follows: 

n 
4> m 

m 

(8-3) 

The constant of proportionality and the 
exponents n1 ,n2 , .•. nm of the design param
eters 4> 1 ,4>2 , ..• <j>m are determined by stand
ard regression analysis techniques, using 
weight and geometric data of actual compo
nents, and subject to the condition of 
minimum standard deviation. The problem 
may arise that the magnitude and/or alge
braic sign of the exponents is unacceptable 
for use in design analysis, the results 
being clearly irrational. Staton explains 
in Ref. 8-41 how constrained regression 
analysis can be used to solve this problem. 
A much better approach, though not always 
feasible owing to lack of verificatory 
data, is to break the item considered down 
into the sum of several other contributions. 
For each contribution relevant parameters 
must be chosen on a rational basis. If a 
weight contribution Y is expressed as a 
linear function of a parameter X, assumed 
to be known without error, linear regres
sion analysis can then be used to obtain 
the best curve fit. 
For example, on the assumption of a con
stant average stress level, the material 
required to resist the wing bending moment 
is proportional to the root bending moment 
times the structural span divided by the 
root chord thickness. For a large propor
tion of the wing structural weight the 
following parameter is therefore relevant: 

X (8-4) 

The parameter X is calculated for N sample 
airplanes (values xi), for which the wing 
weight has known val~es yi. The regression 
line of Y upon X is fitted by the method 
of least squares, according to the equa
tion: 

.Y = a + bX (8-5) 



where 

a= (8-6) 

and 

b= (8-7) 

For limited ranges of X and Y a linear 
function may be satisfactory, but if a 

considerable variation in the actual size 
of the item exists, a better result is 
usually obtained with: 

(8·-8) 

On a log-log scale this relation is linear: 

log Y = log k + n log X (8-9) 

and again linear regression analysis can 

be used. 

The standard error of a prediction method 
is: 

(8-10) 

where mi is the ratio of actual to esti
mated weight of the sample. 

References 8-41 and 8-44 give more infor
mation on the use of statistics and vari
ous types of regression analysis. A cer
tain amount of care should always betaken 
when using statistical methods. A check 

must be made to see if the airplane being 

analyzed falls within the range of data 
points that were used to develop the meth

od. The choice of parameters to be used is 

always somewhat arbitrary and due atten
tion must be paid to data points that are 
far from the regression line. They may 
indicate that alternative correlations 
should be investigated. Finally, all pa
rameters used in weight prediction must be 

well defined and not give rise to mis
interpretation or vagueness. 

Finally, it should be realized that many 
weight prediction methods apply to a 
limited category of airplanes. Occasionally 

they may be adapted to other categories 

simply by modifying the factor of propor
tionality, provided that the basic ex
pression has.a rational background and 

derivation. 

8.4. WEIGHT PREDICTION DATA AND METHODS 

8.4.1. Airframe structure 

a. Structure weight prediction based on 
the aircraft specific density. An intrigu

ing approach to structure weight estima
tion, applicable to conventional configu
rations, is made by Caddell in Ref. 8-39, 
who uses the aircraft density, i.e. the 
design gross weight divided by the total 

airplane volume. If his line of thought 
is adopted, the structural weight fraction 
of transport-type turbine-powered air
planes can be expressed in terms of the 
ultimate load factor, the fuselage dimen

sions and the MTOW: 

(8-ll) 

where 

ks .230 for bf,hf and lfin ft and Ws 
and wto in lb, 

ks = .447 for bf,hf and lf in m and Ws 
and wto in kg, and 

nul t correspo.nds to the MTOW. 
Although this simple expression yields a 
reasonably accurate prediction, it is 

useless for design optimization, as the 

effects of the airplane layout are not 
accounted for. The only alternative is a 
detailed assessment of the contributions 
of all structural components or groups. 

The subdivision in Table 8-4 can be used 
to collect structural weight data. A com
pilation of structure weight data for ex

isting aircraft is presented in Table 8-5. 
According to ( 8-11) the ultimate load factor· af- · 

fects structural weight to a considerable extent. 

The rules for establishing the ultimate load factor 

( 1. 5 times the limit load factor) are laid down in 

the various airworthiness regulations. It should be 
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WING GROUP 

CENTER SECTION-BASIC STRUCTURE 

INTERMEDIATE PANEL-BASIC STRUCTURE 

OUTER PANEL-BASIC STRUCTURE (INCL. TIPS .......... ) 

SECONDARY STRUCTURE (INCL. WING FOLD MECH • ....... ) 
AILERONS (INCL. BALANCE WEIGHT .......... ) 
FLAPS - TRAILING EDGE 

- LEADING EDGE 

SLATS 

SPOILERS, SPEED BRAKES, LIFT DUMPERS 

FENCES AND VORTEX GENERATORS 

STRUTS 

TAIL GROUP 

STABILIZER-BASIC STRUCTURE 

FINS-BASIC STRUCTURE (INCL. DORSAL •••••••••• ) 

SECONDARY STRUCTURE (STAB. AND FINS) 

ELEVATOR (INCL. BALANCE WEIGHT . ......... ) 
RUDDERS (INCL. BALANCE WEIGHT •••••••••• ) 

BODY GROUP 

FUSELAGE OR HULL-BASIC STRUCTURE 

BOOMS-BASIC STRUCTURE 

SECONDARY STRUCTURE - FUSELAGE OR HULL 

- BOOMS 

- SPEED BRAKES 

- DOORS, PANELS AND MISC. 

ALIGHTING GEAR GROUP - LAND (TYPE •••••••••• ) 

LOCATION WHEELS, BRAKES, STRUCTURE I CONTROLS TOTAL 

TYRES, TUBES, AIR 

MAIN 

NOSE 

TAIL (BUMPER) 

ALIGHTING GEAR GROUP ·WATER 

LOCATION FLOATS I STRUTS CONTROLS I ::::>-<:: 
I I 

T I I 
SURFACE CONTROLS GROUP 

COCKPIT CONTROLS 

AUTOMATIC PILOT 

SYSTEM CONTROLS (INCL. POWER AND FEEL CONTR.) 

ENGINE SECTION OR NACELLE GROUP 

INBOARD 

CENTER 

OUTBOARD 

DOORS, PANELS AND MISC. 

TOTAL, AIRFRAME STRUCTURE 

Table 8-4. Airframe Structure Group weight breakdown according to AN-9103-D (modified) 
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LIGII'l' 'AIRCRAFT 

WIIIG TAIL FUSELAGE LAIIDIIIG SURFACE NACELLE 
AIRPLAIIE CATEGORY MTOW GROUP GROUP GROUP GEAR CONTROLS GROUP 
AND TYPE 

103 lb 103 lb 103 lb 103 lb 103 lb 1 o3 u; 103 lb % % % % % % 

Cessna - 150A 1.50 0.213 14.2 0.041 2.73 0.166 II. I 0.106 7.07 0.031 2.07 0.024 1.60 

"'lil - 1728 2.20 .0.236 10.7 0.061 2.77 0.253 11.5 0.122 5.55 0.031 1.41 0.031 1.41 
~ ... - 180D 2.65 0.254 9.58 0.059 ·2.23 0.270 10.2 0.119 4.49 0.036 1.36 0.037 1.40 

~§ - 182D 2.65 0.254 9.58 0.061 2.30 0.273 10.3 0 •. 136 5.13 0.036 1.36 0.036 1.36 
- 185 3.20 0.;!66 8.31 0.071 2.22 0.290 9.06 0.132 4.13 0.036 1.13 0.041 1.28 

!;;~ - 210 2.90 0.261 9.0 0.071 2.45 0.316 10.90 0.207 7.14 0.044 1.52 0.031 1.07 

~= 
Beechcraft J-35 2.90 0.379 13.1 0.058 2.00 0.200 6.90 0.205 7.07 0.056 1.93 0.062 2.14 
Saab Safir 2.66 0.276 10.4 0.060 2.26 0.386 14.5 0.119 4.47 ** - ** -

i Cessna C-310 4.83 0.454 9.40 0.118 2.44 0.319 6.60 0.263 5.45 0.066 1.37 0.129 2.67 
., ... Beechcraft G-50 7.15 0.656 9.17 0.156 2.18 0.495 6.92 0.447 6.25 0.120 1.68 0.261 3.65 

~a -65 7.37 0.670 9.09 0.153 2.08 0.601 8.15 0.444 6.02 0.132 1.79 0.285 3.87 

~ii! -95 4.00 0.458 11.5 0.07' 1.98 0.276 6.90 0.218 5.45 g:~~;. 1.83 0.180 4.~Q .... .D-185 8.75 0.858 9.81 0.177 2.02 0.733 8.38 0.560 6.40 1.31, • 0.311 3 • .5 ., ... 
E-185 9.70 0.874 9.01 0.180 1.86 0.768 7.92 0.585 6.03 0.115 1.19 0.331 3.41 <.><> ::::= De Havilland Dove 8.80 0.930 10.6 0.196 2.23 0.745 8.47 0.391 4.44 ** - 0.220* 2.50 

i Cessna T-37 6.44 0.531 8.24 0.128 1.99 0.839 13.0 0.330 5.12 0.154 2.39 - -
Fouga Magister 6.28 1.089 17.3 0.165 2.63 o. 743 11.8 0.459 7.31 0.260 4.14 - -

~~ Cansdair CL-41 6.50 0.892 13.7 0.201 3.09 0.955 14.7 0.318 4.89 0.172 2.65 0.040 0.62 

a: B. Siddeley - 125 21.200 1.968 9.28 0.608 2.87 1.628 7.68 0.659 3.11 0.217 1.02 ** -
Jet Commander 1121 16.000 1.322 8.26 0.425 2.66 1.622 10.1 0.443 2. 76 0.223 1.39 0.35 2.19 ..... N.Am. Sabre liner 16.700 I. 753 10.5 0.297 I. 78 2.014 12.1 0.728 4.36 0.344 2.06 0.315 1.89 

~t Lockheed Jetstar 30.680 2.827 9.21 0.1!79 2.87 3.491 11.4 1.061 ~ .• 46 0.768 2.50 0. 792 2.58 

* estimated ** included in other items 

Table 8-5. Weight breakdown of the structure group weight 

PROPELLER TRANSPORI'S 

AIRPLANE CATEGORY 
AND TYPE 

WISG TAIL FUSELAGE LANDING SURFACE NACELLE 
GROUP GROUP GROUP GEAR CONTROLS GROUP MTOW 

t----+------t-.,----+-----t--··- ---·- ---··-
103 lb 103 lb % 103 lb % 103 lb % 103 lb % 103 lb % 103 lb % 

~ ~.:-;!!!:~ DHC~4 ~~:~~~ !:~~~ :~:~ i ~:~:~ ~:~:~ ~:~~~ 1~::6 ::!~I ~:~~ ~:~~: ::~~ ~:!~~ ~:~~ 
i!J ~ H. Page Herald 37.500 i 4.365 11.6 0.987 2.631 2.986 7.96 1.625 4.33 0.36• 0.97 1 0.830 2.21 
!;i S.A. twin Pioneer 14.6001 2.121 14.5 0.576 3.95 1.381 9.46 0.703 4.82 0.300 2.05 1 0.230 1.58 
~ t-;;N.-+_ca_nad __ •_ir_c_L-_2_1 ___ 1-J_2_.5_o_o-:-_J_._99 __ 12.~1.055 3.25• 3.260 10.0 1.609 4.95 o.J71 1.14+_1_._29 __ 3_.9_7-1 

<> ~ Douglas DC1-6B 81.500 i 7.506 9.21 1.406 1.7315.471 6.71 4.165 5.11 1.052 1.29 2.871 3.52 
;:l '"' DC-7C 143.000 11.100 7.761 1.900 1.33 8.450 5.91 5.130 3.59 1.215 0.85 4.130 2.89 

~ Lockheed L-749 102.072 11.102 10.9 , 2.059 2.02 1 7.407 7.26 4.782 4.68 1.488 1.46 3.869 3.79 
I---+-•-+----L--_~_o4_9 __ -+l-l_7_.5_o_o+-11.542 s.~.604 J.B9ji2.BJ9 9.34 5.422 3.94 1.685 t._2._J+_4_.4_2_o_J_._2_1-I 

Nord 262 23.050 2.698 11.! J ~.805 3.4913.675 15.9 1.085 4.71 [ 0.408 1.77 0.236 1.02 
~ Fokker F-27/100 39.000 4.408 11.3 I 0.977 2.51 4.122 10.6 11.940 4.97 I 0.613 1.57 0.628 1.61 
... F-27/200 43.500 4.505 10.4 11.501 2.42 4.303. 9.89 1.825 4.20 I 0.620 1.43 0.667 1.53 

~ ~ F-27/500 45.000 4.510 10.0 1.060 2.35! 5.142 11.4TII.865 4.14 I 0.626 1.39 0.668 1.48 
_ N GrUlllllan Gulfstream 33.600 3.735 11.2 0.874 2.60 i 3.718 11.1 1.207 1.59 I 0.461 1.37 1.136 3.38 
~ l---+-s_h_or_t_sk_yv_•_n ___ -+_1_2_.5_o_o+_l_._22_o_.~ ~·3~ 2 .. ~54 _11.: 0.466 3.73 i 0.265 2.12 0.254 2.03 

i ., =~:~u=~.!:! ~~:~~~ ~~:~~~ ~~:~ 1 ::~~~ ~:~~! ~~:~~ :~:~ ~:~!~ ~:::! ~:~6 1: 81 ~~;~ 1~46 
~ !:] Vickers Viscount 810 69.000 6.25 9.06 1.245 1.80 I 6.900 10.0 2.469 3.58 1 0.824 1.19 1.810 2.62 

~ Bristol=~~~: ~~~ :~~:~~~ :~:~:: ~::~ ~:~~~ ~:~~I:::~~~ ~:~: ~:~~~ ~:~~ ,
1 
~:~!! ~:~~ ~:~~~ ~:~: 

: Canadair CL-44C 205.000 15.710 7.66 3.749 1.83120.S24 10.0 II 7.083 3.46 
1

2.146 1.05 6.834 3.33 
CL-440 205.000 15.588 7.60 3.540 1.73,16.047 7.83 7.300 ].56 1.830 0.89 6.043 2.95 

Lockheed Electra 106.700 7.670 7.19 1.924 1.80 9.954 9.33 3.817 3.58 j *** - 4.417 4.14 
C-IJOE 151.522 11.697 7.72 3;425 2.26 14.340 9.46 5.341 3.53 1.702 1.12 2.675 1.77 
C-133A 275.000 27.403 9.96 6.011 2.19 30.940 11.3 10.635 3.87 1.804 0.66 3.512 1.28 

tail booms (2,360 lb) included included in other items no data available 

Table 8-5. (Continued) 
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JBT TIWISPORTS 

IITOii 
WIIIG TAIL FUSELAGE LAIIDIIIG SURFACE NACELLE 

.AiaPLAllll CATIOORY GROUP GROUP GROUP GEAR CONTROLS GROUP 
AID TYPE 

•o3 lb 103 lb 103 lb 103 lb 103 lb 103 lb 103 lb % % % % % % 

VFW-Pokker 614 40.981 5. 767 14.1 1.121 2. 74 5.233 12.8 1.620 3.45 o. 745 1.82 0.971 2.37 
Pokkor-VPII P-28/1 000 65.000 7.330 11.3 1.632 2.46 7.043 10.8 2.759 4.24 1.387 2.13 0.834 I. 28 

P-28/ZOOO 65.000 7.347 11.3 1.632 2.46 7.649 11.8 2.759 4.24 1.400 2.15 0.834 1.28 
F-28/5000 70.800 8.223 11.6 1.632 2.31 7.043 9.95 2.759 3.90 1.665 2.35 0.849 1.20 .. F-28/6000 70.800 8.244 11.6 1.632 2.31 7.649 10.8 2. 789 3.94 I .674 2.36 0.849 1.20 

! lAC 1-11/300 87 .ooo 9.643 11.1 2.369 2. 72 9. 713 11.2 2.865 3.29 1.481 I. 76 ** -
1-11/400 87.000 9.670 II. I 2.419 2. 78 9. 743 11.3 2.899 3.33 1.207 1.39 ** -

I Me D. Doug lao DC-9/1 0 91.500 9.470 10.3 2.630 2.87 11.206 12.2 3.660 4.00 1.264 1.38 1.417 1.55 

N Boeiag 737-10<11 97.800 9.968 10.2 2. 700 2. 76 12.380 12.7 3.687 3. 77 1.589 1.62 *** -
737-200 100.000 10.613 10.6 2. 718 2. 72 12.108 12.1 4.354 4.35 2.348 2.35 1.392 1.39 

Aeroepat. Ca.ravelle lllR 110.230 14.735 13.4 1.957 I. 77 II. 570 10.5 5.110 4.63 2.063 1.87 1.581 1.43 
Airbus AJOOB/2 304.000 44.131 14.5 5.941 1.95 35.820 11.8 13.611 4.4~ 5.808 1.94 7.039 2.32 

! a, Siddeley 121-IC 115.000 12.600 11.0 3.225 2.80 12.469 10.8 4.413 J.84 I. 792 1.56 ** -
121-IE 134.000 13.462 10.0 3.341 2.49 13.328 9.95 5.073 3. 79 1.689 i .26 ** -

I Boeiag ?27-100 161.000 17.764 11.0 4.133 2.57 17.681 10.9 7.211 4.48 2.996 1.86 3.864° 2.40 
.., 727-IOOC 160.000 17.492 10.9 4.142 2.59 20.044 12.5 6.860 4.29 2.957 1.85 3.839 2.40 

----
Boeing KC-1"35 297.000 25.251 8.50 5.074 I. 71 18.867 6.35 10.180 3.43 2.044 0.69 2. 575 0.87 

707-121 246.000 24.024 9. 76 5.151 2.09 20.061 8.15 9. 763 3.97 ~:~riri· g:~~ 4.639 1.89 
707-320 311.000 29.762 9.57 5.511 I. 77 21.650 6.96 12.700 4.08 4.497 1.45 
707-320C 330.000 32.255 9. 77 6.165 1.87 26.937 8.16 12.737 3.86 3.052 0.92 4.183 1.27 .. 707~321 301.000 28.647 9.52 6.004 1.99 22.129 7.35 11.122 3. 70 2.408 0.80 5.119 1. 70 

!ll 720-022 203.000 22.850 11.3 5.230 2.58 19.035 9.38 8.110 4.00 2.430 1.21 4.510 2.22 ... 747-100 710.000 86.402 12.2 11.850 1.67 71.845 10.1 31 .427 4.43 6.982 0.98 10.031 1.41 

~ 747-2008 775.000 92.542 11.9 11.842 1. 53 72.053 9.30 32.693 4.22 ~:g~~· g:~~ 10.136 1.31 .. Me D • Douglas DC-8-10 273.000 26.235 9.61 4.740 I. 74 21.495 7.87 10.185 3. 73 3.505 1.28 
DC-8-55 328.000 34.759 10.6 4.889 1.49 22.248 6. 78 II .255 3.43 2.253 0.69 4.685 1.43 

lAC VC-IQ-1101 312.000· 34.672 II. I 6.958 2.23125.113 8.05 10.489 3.36 *** - ** -
G. Dynamics 880 184.500 17.669 9.58 4.247 2.30 13.699 7.42 6.203 3.36 *"* - 3.685 2.00 

990 253.000 26.871 10.6 5. 326 2.11 16.673 6.59 8. 718 3.44 *** - 6. 772 2.68 

* estimated ** included in other itemR ••• no data available 

Table 8-5. (Continued) 

taken as the larger of the maximum positive gust 

or the maneuver load factor for the applicable 

weight at the most critical flight altitude (ap

proximately 20,000 ft for pressurized transports). 

For further details see Appendix C. 

b. Wing group. 

~ reasonably accurate wing weight estimate 

can be made in preliminary design as the 

loads on the wing are fairly well known at 

the design stage. Usually the bending moment 

in flight is assumed to be decisive for most 

of the primary structure. For a ...--.~rtain cat

egory of high-speed aircraft, however, tor

sional stiffness requirements may become 

dominant and the extra structure weight re

quired to safeguard against flutter may a

mount to as much as 20% of the wing weight. 

The location of the inertia axis of the 

wing plus wing-mounted engines is of impor

tance. A fairly large portion is also made 

up of secondary structure and non-optimum 

penalties, such as joints, non-tapered skin, 
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undercarriage attachments, etc. 

The derivation of a typical wing weight pre

diction method is explained in Ref. 8-101, 

the results of which are summarized in Ap

pendix C. If sufficient data are not avail

able to apply this method, the following 

simplified approximation can be used for 

civil airplanes with Al-alloy cantilever 

wings. The following basic expression is 

valid for the case of a wing-mounted re

tractable undercarriage, but not for wing

mounted engines: 

w l ~I 55b/t ·
30 

..::!!. = k b . 75 1+ ref n • (~) (8-12) 
WG ·w s bs ult WG/S 

where bref= 6.25 ft or 1.905 m for bs in ft 

or m, respectively, while bs= b/cosA~, the 

structural wing span. The factor of propor

tionality is as follows: 

Light aircraft, Wt 0 ,12,500 lb (5670 kg): 

k = l.25x10- 3; WG:MTOW in lb, bs in ft, Sin 
w2 

ft , w in lb. 
"'- -3 

kw= 4.90x10 ;WGcMTOW in kg, bs in rn, S in 

m2 , Ww in kg. 



Transport category aircraft Wto > 12,500 lb 
(5670 kg): 

-3 k ~ 1.70x10 ;wG:MZFW in lb, bs in ft, S 
w 2 

in ft , Ww in lb. 

kw= 6i67x10- 3;wG:MZFW in kg, bs in m, S 
in m , Ww in kg. 
The weight given by (8-12) includes high

lift devices and ailerons. For spoilers 

and speed brakes, if incorporated, 2% 

should be added. Reduce Ww by 5% or 10% 
for 2 or 4 wing-mounted engines, respec

tively and by 5% if the main undercarriage 
is not mounted to the wing. For braced 

wings a reduction of approximately 30% rel
ative to (8-12) can be assumed. This figure 
includes the strut, contributing about 1C% 
of the total wing group weight. 

Wing optimization studies must be sensi

tive to variations in the external geo

metry, configuration and operational char
acteristics. It is generally recognized 
that for modern wing designs the weight 

of high-lift devices should be determined 
separately. The method in Appendix Cmeets 
these requirements and predicts the wing 

weights with a standard prediction error 
of 9.64%. 

On inspection of (8-12), the observation can be 

made that the structural weight fraction, for a 

given cantilever ratio b5 /tr and wing loading WG/S, 

increases with the wing span. This unfavorable scale 

effect, associated with the square-cube law (cf. 

Section 7.2.2.), can be counteracted by increasing 

the wing loading. This is one of the reasons why 

large aircraft usually have high wing loadings. 

Decreasing the cantilever ratio is unfavorable as 

it results in a drag increment; its value is usu

ally between 35 and 45 (see Fig. 7-8.). 

c. Tail group. 

This weight is only a small part - about 2 
to 3% - of the MTOW but on account of its 
remote location it has an appreciable ef
fect on the position of the airplane's cen

ter of gravity. Accurate weight prediction 
is difficult due to the wide variety of 

tailplane configurat~ons and the limited 
knowledge of strength, stiffness and other 
conditions which will govern the design. 

For relatively low-speed, light aircraft 

(VD up to 250 kts EAS), the maneuvering 
loads are most important and the specific 

tailplane weight is affected by the load 
factor as follows: 

(8-13) 

where kwt= .04 ;Wtail in lb and Stail in ft 2 

kwt = . 64 ; Wtail in kg and Stail in m2 

It is interesting to note that for this 
category the specific tailplane weight 

obeys the square-cube law, the weight being 
proportional to the cube while the area is 
proportional to the square of the linear 
dimension. If the tailplane area is not 
(yet) known, the total tailplane weightmay 
be assumed between 3~ and 4% of the empty 
weight. For transport category aircraft and 
executive jets the Design Dive speed ap

pears to have a dominant effect (Fig. 8-5): 

.2 .3 .4 .5 .6 mU/s 

6 lb/ft2 

~ 
khSh 

25 5 
.:!!:.. 
kvSv 

4 20 

3 15 

10 
1.0 1.2 1.4 1.6 1.8 2.0 ft .. kt 

so' v,110oo , s;'v,f1oo~ 
V cos Ah V cosAv 

Fig. 8-5. Normalized specific horizontal 

tailplane weight 

(8-14) 

w s · 2 v ) 
v=k f(~ 

5 v v · v'cosA ' 
v 

(8-15) 

where VD is expressed in terms of EAS and 

kh and kv are correction factors for the 
tailplane configuration: 
kh= 1.0 - fixed stabilizer, 1.1 for vari
able-incidence tails; for a bullet of ap-
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preciable size 8% should be added. 

kv= 1.0 - fuselage-mounted horizontal 

tailplanes sh~ 
kv= 1 + .15 g-s-- fin-mounted stabilizers 
(e.g. T-tails)v v bv defined in Fig. 9-20. 
Fig. 8-5 demonstrates that the scale ef
fect on specific tailplane weight (5" 21 
applies to medium-sized airplanes, but 
disappears for very large aircra£t. 

d. Body group. 

The fuselage makes a large contribution to 
the structural weight, but it is much more 
difficult to predict by a generalized 
method than the wing weight. The reason is 
the large number of local weight penalties 
in the form of floors, cutouts, attachment 
and support structure, bulkheads, doors, 

windows and other special structural fea
tures. 
Fuselage weight is affected primarily by 
the gross shell area SG' defined as the 
area of the entire outer surface of the 
fuselage. All holes for doors, windows, 
cutouts, etc. are assumed to be faired 
over and all local excrescences such as 
blisters, wheelwell fairings and canopies 
to be removed and faired over. The gross 
shell area can be calculated with the 
methods of Appendix B. 

The following simple weight estimation 
method for Al-alloy fuselages is based 
on the approach of Ref. 8-113, slightly 
modified and updated for modern types. 
The basic fuselage weight is: 

(8-16) 

The Design Dive speed VD is expressed in 

terms of EAS. For definitions of lt' bf 
and hf see Appendix D (Fig. D-2). The 

constant of proportionality is: 

kwf=.021-Wf in lb, VD in kts and SG inft2 

kwf=.23 -wf in kg, VD in m/s and SG in m2 

To the basic weight given by (8-16), 8% 
should be added for pressurized cabins, 4% 

for rear fuselage-mounted engines, 7% if 
the main landing gear is attached to the 

fuselage, and an extra 10% for freighter 
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aircraft. If there is no attachment struc
ture for the landing gear nor a wheelbay, 

4% may be subtracted .from the basic weight. 

Most of the more detailed prediction meth
ods are based on the approach.in Re~8-ll5 

applicabl~ to semi-monocoque structures. 
The calculation of the shell weight ac
cording to this method, supplemented with 

some recent data to estimate various weight 
penalties, is given in Appendix D. 

For tail booms (8-16) can be used for each boom 

separately. In this case lt is defined as the dis

tance between the quarter-chord points of,~elocal 

wing chord and the horizontal tailplane. Add 7\ for 

a main landing gear wheelbay and undercarriage at

tachment. 

e. Alighting gear group*. 

The undercarriage has a well-defined set 
of loading conditions and weight predict
ion can therefore be dealt with on a ana
lytical basis. To this end the weight of 
each gear must be subdivided into: 
- wheels, brakes, tires, tubes and air 
- main structure, i.e. legs and struts 
- items such as the retraction mechanism, 

bogies, dampers, controls, etc. 
The first part of the weight prediction 
process is to decide upon tire and wheel 

size, inflation pressure, location of the 
gears, length of the legs, etc. This sub
ject will be treated in Chapter 10, an ex
ample of a weight prediction method is 
given in Ref. 8-125. 
The weight of conventional undercarriages 
may be found by sununation of the main gear 
and the nose gear, each predicted sepa

rately with the following expression: 

w =k IA+B w 314+c w +D.W 3121 (8-17) uc uc · to · to to 

where kuc= 1.0 for low-wing airplanes and 
kuc= 1.08 for high-wing airplanes 

Table 8-6 gives suggested values of the 

factors A, B, C and D, based on a sta
tistical evaluation of data on undercar-

*only conventional undercarriages will be 
dealt with 



A/C CAnCORY U.C. CONFIGURATION 

JET PROPELLED 

TRAINERS AND 

EXECUTIVES 

RETRACTABLE 
MA.tN 33 (IS.O) .04 (.033) .021 

12 (S.4) .06 (.049) -

MAIN 20 (9.1) .10 (.01!12) .019 

NOSE 2S (JJ.)) .0024 

9 (4.1) .002/o 
ALL OlliER 

CIVJL TYPES 
loO (18.1) .16 {.Ill) .019 1.5 (1.23).10-5 

NOSE 20 (9.1) .10 (.082) - (2.97) .• o-6 

TAIL 5 (2,3) .0031 

COF.FFICIEHTS CORRESPOND TO WEIGHTS IN U(KG) 

Table 8-6. Coefficients for the calculation 

of the landing gear weight 

riage weights of existing airplanes. 

Fig. 8-6 compares the result of (8-17) with 

data for existing airplanes. Up to 100,000 
lb (45,000 kg) takeoff weight the weigh~ 

fraction decreases with increasing air

plane size. The main reasons are that for 

large airplanes a larger part of the gear 

structure can be highly stressed, while 

the use of higher inflation pressures on 

large aircraft saves some weight as well. 

For main landing gears the weight fraction 
does not appreciably decrease at takeoff 

~eights above 100,000 lb (45,000 kg), but 
for nose gears there is still a reduction 
~f the weight fraction up to very large 

~irplane sizes like the B-747 and C-SA. 

*. 
~ 10 

i 9 

m 

10' 

10' 

I FIXED GEAR • 
n JET TRAINERS, EXECUTIVE JETS 0 
m ALL OTHER CIVIl TYPES, A.G. 0 
kg•l.O LOW WING 

1.08 HIGH WING 

"' MAX. TAKEOFF WEIGHT- LB 

10' KG 

Fig. 8-6. Landing gear weight fraction 

10° 

It can be argued that in many aircraft the critical 

load is formed by the landing impact load and that 

the MIM should therefore be used to predict the 

undercarriage weight. A reasonable approximation 

for the weight of retractable undercarriages is 

4. 7% of the MLW. 

f. Surface controls group. 

The weight of surface controls is generally 

of the order of .8 to 2% of the takeoff 

weight. An approximation is: 

w = k w 213 
sc sc to 

(8-18) 

The factor ksc can be determined from 

known weights of airplanes in the same 

category with a similar flight control 

system. Alternatively, for Wsc and Wto in 
lb, we have: 

ksc = .23 light airplanes without du-

plicated system controls, 
ksc = .44 transport airplanes and 
trainers, manually controlled, and 

k = .64 sc transport airplanes, with 

powered controls and trailing-edge high-

lift devices only. 

Multiply these values by .768 when Wsc and 

Wto are in kg. Add 20% for leading-edge 

flap or slat controls and 15% for lift 

dumper controls, if used. 

If sufficient data are available, a more 
detailed analysis can be made. To this end 

the surface controls group weight is sub

divided into: 

1. cockpit controls: 

056 w 314 lb (.046 w 314 kg) • to to 
for wto~25,000 lb (11,340 kg) 

110 lb (50 kg) 
(8-19) 

for wto>25,000 lb (11,340 kg) 

2. automatic pilot: 

17 wto 1/ 5 lb (9 Wt0
1/ 5kg) (8-20) 

for transport and executive aircraft 

3. system controls: 

.008 wto for light airplanes with (8-21) 

single flight control systems 

For transport aircraft a prediction of the 

system controls weight can be made with 

the aid of Table 8-7. In the absence of 

better data these formulas may be also 
used for trainers and executive airplanes. 

g. Engine section or nacelle group. 

The following statistical data may be used 

if no details of the engine installation 
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SYSTEM COMPONENT METHOD NOMENCLATURE 

. ,2 X Wt0,67 
(.154) 

W • Hax. Takeoff to 
manually operated 

MANEUVERING CONTROL duplicated controls 
SYSTEM 1-:_----------+------------j 

duplicated powered controls, .42 x W .65 

Weight "' lb (kg) 

(elevator, rudder. 

ailerons, spoilers) 

sinale hydr. power system (.318) to 

duplicated powered controls, 

dual hydr. power system 

1.06 X W .60 

(, 773) to 

' fl ( ' I 38 • 92 
rot::at1ng aps cyl1nder (5 •• 569)x (Sf sin 6f) Sf • total projected 

TRAILING EDGE FLAP ~a~c~tu~a!Ot~io~n~)--------+-"'"'='"---------.,;---j flap area'\. ft2 (ml) 

CONTROL SYSTEM translating (Fowler) flaps (2
1

•
1

7.
0
3

2
)x (Sf sin 6f)' 92 of. maximum flap 

(screwjack actuation) deflection angle 

~--------+---------------~--------------~--------~--__, 
LEADING EDGE FLAP OR 

SLAT CONTROL SYSTEM 

3.53 .82 
(J 1.23) X SS 

S • total projected 
• 2 2 

slat area "- ft (m ) 

VARIABLE INCIDENCE ~c (She V1118x' 5 sin 6h)' 88 single powered: '1.c • .31 (1.52) She• exposed h~r. ~ail 

dual powered: '1.c • .44 (2.16) area"- ft (m ) STABILIZER CONTROLS 
Vmax· max. hor. flight 

6h • total nnge of hor. tailplane incidence variation speed "- ku (Ills_)~ 

SPEED BRAKE CONTROLS I 0 X S ' 92 +. 
~----------+--------<_•o_._•_> __ •_b ___ --c;;;;----- • :::::db::::"' £t 2 (m2) 

LIFT DUMPER CONTROLS S ' 92 • total area of lift 
(20 • 2) x (Sl.d sin 62.d) 

dumpers "- ft 2 (m2) 

DIRECT LIFT CONTROL SYSTEM: no data available 

ALL COMPONENT WEIGHTS IN LB (KG) 

NOTES' 

6u• maxi•um lift dumper 

deflection angle 

1 . Most formulas are approximations of the curves in SAWE Technical Paper No 812 

2. Coefficients in brackets refer to the metric system 

Table 8-7. Weight of system controls (transport aircraft) 

WEIGHT CONTRIBUTION METHOD are available. 

Light aircraft, single tractor propel-
ENGINE K)UNTS AND 

VIBRATION ABSORBERS 

NACELLE STRUCTURE, 

PYLONS AND STRUTS, 

ENGINE COWLINGS • 

FLAPS AND BAFFLES 

5% of eosine plus propeller installation 

weight 

.OlJV;;'Svet l.l (lb); v0-ku EAS; Svet- sq.ft 

.405~ sve~· 3 (kg); v0-m/s EAS; swet-m2 

Swet - total area per nacelle vetted by 

the cold airflow, both internally and 

externally* 

GAS GENERATOR COWLING 3 lb/sq.ft (14.6 kg/11h of vetted area 
AND PLUG 

NOISE SUPPRESSION .35 lb/sq. ft (I, 71 kg/m2) -nacelle valls 

MATERIAL (EXTRA WEIGHT) I. 75 lb/sq.ft (8.53 ka/m2)- splitter plates 

FIREWALLS AND SHROUDS l.lllb/sq.ft (5.51 kg/m2) 

FOR FIRE PROTECTION 

*tor straight jet engines the external nacelle area plu& the inlet duct area 

Table 8-8. Data for estimating the nacelle group 

weight 
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ler in the fuselage 

Wn=2.5 Ji\: (lb) 

Wn=l.134 ~ (kg) 

nose: 

lpto in hp (8-22) 

This weight refers to the complete en· 

gine section in front of the firewall. 

Multi-engine aircraft, reciprocating 

engines: 

horizontally opposed cylinders -

wn .32 Pto (lb) 

wn = .145 pto (kg) 

Other engine types - (8-23) 

w 045 p 5 / 4 (lb) 
n • to 

wn .0204 Pt0
5/ 4 (kg) 

All weights per nacelle 

Pto' takeoff bhp per engine 

Aircraft with turboprop engines: 

wn = .14 lb (.0635 kg) per (8_24 ) 

takeoff ESHP 



Add .04 lb (.018 kg) per ESHP if the main 

landing gear is retractable into the na

celle and .11 lb (.05 kg) per ESHP for 

overwing exhausts (cf. Fig, 2-10, Lockheed 

Electra). Aircraft with pod-mounted turbo

jet or turbofan engines: 

wn = .055 Tto 
high bypass turbofans with 

short fan duct -

wn .065 Tto 

(8-25) 

This value includes the pylon weight and 

extended nacelle structure f~r a thrust 

reverser installation. In the absence of 

thrust reversing a reduction of 10% may 

be assumed. 

If a more detailed weight analysis taking 

into account the configuration and geome

try of the nacelle and engine mounting is 

desirable, some degree of structural de

sign must be attempted first. The subdivi

sion and weight data in Table 8-8 may then 
be used to calculate the weight. Theweight 
penalty due to noise suppression n~terial 

obviously depends upon the amount of sup
pression desired; the engine manufacturer 

should be consulted for detailed data. For 

a typical "quiet" turbofan pod, acoustic 

lining may be required over SO% of the na

celle area. A typical weight penalty is 

20% of the nacelle weight, apart from the 

extra weight of the engine itself. 

8.4.2. The propulsion group 

Project designs are normally based on ex

isting engine types or paper studies of 

engines in an advanced state of develop

ment. Thus a specification of the defini

tive engine weight We is usually available 
comprising: 

1. engine weight, bare and dry, 

2. standard engine accessories and 

3. additional weight contributions such as 

gas generator cowling and/or noise sup

pression material. 
During parametric investigations it may be 

convenient to employ more general informa

tion and the engine weight data in Chapter 

4 may be used: 
reciprocating engines: Section 4.2.2. and 

Fig. 4-12, 

- turbojet and turbofan engines: Section 

4.4.3. and equation 4-36, 

- turboprop engines: Section 4.5.2. and 

equation 4-40. 

Detailed methods for the computation of 
turbojet engine weights will be found in 

References 8-129 through 8-136. 
If sufficient details of the powerplant 

installation are not available, a first 

approximation for the propulsion group 

weight is obtained by assuming that part 

of this weight contribution is proportion

al to the engine weight, while propeller 

weight is proportional to the power to be 

absorbed: 

propeller aircraft -

wpg=kpgNe(We+.24Pt0 ) (lb) f 
wpg=kpgNe(We+.109Pt0 ) (kg} 
Pto' takeoff hp per engine 
jet aircraft -

wpg=kpgkthrNeWe 
where 

(8-26} 

(8-27} 

1.16 for single tractor propeller in 

fuse lag" 
1.35 for multi-engine propeller air

planes 
1.15 for jet transports, podded en

gines 

1.40 for light jet airplanes, buried 

engines 

kthr= 1.00 with no thrust reversers 
1.18 with thrust reversers installed 

Add 1.5% for jets and 3% for propeller air-

craft with a water injection system. The 

term .24 (.109) Pto in (8-26) for propeller 

aircraft represents the propeller instal

lation weight in lb (kg). 

Instead of the simple approximation given 

above, Table 8-9 c~n be used to analyze 

the powerplant weight in more detail. Weight 

data for some present-day aircraft are 

presented in Table 8-10. 
A large contribution to the powerplant group included 

in Table 8-9 is made by the fuel system, comprising: 

1. fuel tanks and sealing, 

2. pumps, collector tanks arJd plumbing, 

3. distribution and filling system, and 

4. fuel dump system (if used). 
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WEIGHT COIITRIBUTION MBTBOD REMAlUCS AIID 

TURBOJET /TURBOFAN TURBOPROP I RECIPROCATING IIOIIEIICLATURE 

ENGINE INSTALLATION NW 
consult engine manufacturer's 

e e brochure 
ACCESSORY GEAR BOXES 

36 "· wf 
.4 

X N e p to 
.8 w 

e 
• "definitive veight'\ttb(kg) 

AND DRIVES, to (.181) per engine 
POWER PLANT CONTROLS, N 

e 
• oumber of engines 

STARTING AIID IGNITION pneumatic: or cartridge add 30% for wf • fuel flow/engine during 
SYSTEM starting aystea beta control to takeoff 'Vtb/sec (kg/sec) 

P to • takeoff BHP per engine 
podded engines: included td • duct length "' ft (a) 
in nacelle group 1.03 

x Ne 'to 
• 7 N. • number of inlets 

included in . 
AIR INDUCTION SYSTEM buried engines : (,467) A • • capture area per inlet 

nacelle group . 
"-sq.ft(m2) 

11,45 x(l N.A.'5k )'73r k - 1.0: round or one flat side (29.62) d • • aeo zeo 
• 1.33:two or 110re flat sides 

tailpipes: 3lb/sq.ft (14,63 kz/m2) 
Tto • takeoff SLS thrust/ engine 

EXHAUST SYSTEM assu.d inlet Mach number: .4 
silencers: .01 N8 Tto 

SUPERCIIARGI!RS - - ,455 X (N W )'943 for separate superchargers 
(,435) e e 

** OIL SYSTEM 
(.01 to ,03) Ne w ** .07 N8 W8 radial: .08 N W 

additional system; basic system. 
AND COOLER • e e supplied by engine manufacturer hor. opposed: 

.03 NeWe 

integral tanks: single engine: Nft • total number of fuel tanka 

80 x(N +N -1)+ 15 xN • 5 V 
,333 2 • v .667 (Nft ); Ne for airworthiness) 

FUEL SYSTEM 
(36, 3) e ft (4, 366) ft ft (.3735) ft vft • total fuel tank volume. 
bladder tanks: multi engine: u.s. gal. (liters) 

3,2 
x vft 

.727 4.5 
x vft 

.60 

(.551) (.9184) 

WATER INJECTION 8.586 
X Vwt 

.687 (optional) Vwt • total water tank 
SYSTEM (1.561) capacity "- U.S. gal. (liters) 

• 78174 PROPELLER 
YBP) 

Np • number of propellers k p Np (DP P to 
INSTALLATION* Dp • propeller diameter "- ft (m) -

I k - .108 (.124)jkp- .144 (.165) Bp • number of blades I propeller p 

THRUST REVERSERS .18 N W 
e e - optional 

ALL WEIGHTS IN LB (KG) 

•From SAWE Technical Paper No. 790 

Note: coefficients in brackets refer to the metric system 

Table 8-9. Weight analysis of the propulsion group 

It will be observed that, for a given integral fuel 

tank capacity, the number of fuel tanks and the 

number of engines are primary parameters for de

termining the fuel system weight. 

8.4.3. Airframe services and equipment 

In the pre-design phase, with few details 
of the design of the airframe services and 
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equipment~ their weight is very difficult 
to predict. The initial prediction error 
may be very large, as demonstrated by the 
examples quoted in Ref. 8-151. As soon as 
preliminary discussions with system (com
ponent) manufacturers have been held, the 
initial weight prediction must be revised. 

*rt subdivision is shown in Table 8-3. 



~ GKOUP 

AIRPLANE TYPE ~ 

Atlas Ail'bus A-lOO 82 

Boeing 707/320 C 

727/100 

717/200 

747/100 

Fokker VFW F-28 Hk 1000 

Lockheed Jetstar 

McDonnell Douglas DC-8/55 

ENGINE 
INSTALL 

103 LB 

16.825 

17.368 

9.325 

6.217 

34.120 

4.495 

I. 750 

16.856 

FUEL I EXHAUST + j OTHER lrROPULSION 
SYSTEM THRUST REV. ITEMS . ! CROUP 

ICJ LB %* 10) LB %* ~ 103 LB %* ~10 3 LB z* 

1.257 7.47 4.001 23.8 .814 

2.418 13.9 3.492 20.1 • 798 

1.143 12.2 I. 744 18.7 .250 

.S7S 9.25 1.007 16.2 .378 

2.322 6.81 6.452 18.9 .802 

.545 12.1 .127 2.821 .215 

.360 20.6 .. .365 

3.107 18.414.964 29.4 1.580 

.510 8.28 .6S8 10.7 .409 

• 190 19.8 •• .152 

i DC-9/10KC 6.160 

I North Am. T-39A Sabreliner ~959 

4.84 i22.897 136 

4.59!24.247 140 

2.68i12,7S9 137 

6.oaj 8.177 112 

l.3sl43.696 128 

4. 78'1, 5.227 116 

20.9 . 2.475 141 

9.37,26.S07 1S7 

6 .... 41 7. 737 126 

t5.Bfi.30I t36 

13.8 .179 2.54. 8.727 124 

3.49 .690 20.2 3. 763 110 VFW Fokker 614 3.413 j .162 :119 

1 Aerospatiale Caravelle VI R 7.055 .518 ~ 97S 

---------------------4----4----- --------------+-----~ 

! Cessna T-37 • 751 .224 29.8 I •• .221 29.4 1.196 159 

Northrop T-38A Talon 1.038 .285 27.4 ' •• .307 29.6 1.6)0 157 

-_---_--_--_-_------------~--~~~-- -_r--_-=_--~~-~-=---===-·-_--lr~i__~8it(s~_i --
1.329 11.9 3.557 31.8 ],820 34.1 119.898 178 

1.755 13.7 5.006 39.1 3.1)4 24.5 "122.695 177 

.390 16.1 .9i8 37.8 .612 25.2 4.454 184 

.1n 4.9s 1.ooz 37.3 ; .698 z6.o I 4.szt 16s 

1.69S 24.0 4.S73 64.6 1.874 26.S 11S.268 216 

.893 6.26 2.980 20.9 2.547 17.9 20.682 145 

Bristol Britannia JOOA 11.192 

Canadai.r CL-44C 12.800 
.. i 3 ' Fokker VFW F-27 Hk 100 2,427 

~ 1 Grunman Gulfstream I 2.688 

:C I Lockheed C-130 E 7.076 

; ! L-1049 E 14.256 

i;l . ------------1---- "----------+-------------- --+--------1 
~ ! Beechc::raft 95 Travel Air .519 .083 16.0 .162 31.2 

G-50 Twin Bonanza 1.008 

E-IBS 1.352 

.137 13.6 .258 25.6 ' 

.274 20.3 .334 24.71 

Cessna JIG-C .852 .076 8.92 .162 19.0 ! 

.109 21.0 

.207 20.5 

.321 23.7 

.160 18.8 

.873 168 

1.610 160 

2.281 169 

1.250 147 

---------------+---------+I ____ ___J ____ t------1 
Beechcraft Bonanza J-35 .432 .030 6.94 1 .073 16.9 i .045 10.4 .580 134 

nss .312 .010 9.61 .o3a 12.2 1 .047 u.t .427 111 

Cessna ISOA .194 .020 10.3:1.025 12.9 I .034 17.5 .273 141 

18~ .428 .024 5.61 .072 16.8 i .056 13.1 .580 135 

*percent of engine installation weight • • not specified; included in other items 

Table 8-10. Propulsion 

group weight breakdown for 

existing aircraft types 

The data and methods in this section are 
based primarily on statistical correla
tions. There is, however, not always a 
functional relationship between the param

eter on which the correlation is based and 

the actual weight contribution. Consequent

ly, if some weight item is related to the 

takeoff weight or the empty weight and the 

first and second estimation of these char

acteristic weights are different, it may 

be unnecessary to reiterate the complete 

weight estimation, provided the estimates 

do not differ greatly. 

by differences in de definitions of these items. 

However, the total estimated systems and equipment 

weight will be reasonably representative of the 

actual weight of the operational airplane. In some 

cases, particularly for wide-body aircraft, the 

weight estimate may be somewhat conservative due 

It should be noted that for several individual 

weight contributions a marked discrepancy between 

the calculated value according to the present meth

ods and the actual value for existing aircraft may 

be observed. This will be caused to a large extent 

to recent improvements in systems design technology. 

Typical averages for the total airframe 

services and equipment weight are: 

light single-engine private airplane: 8% Wto 

light twin-engined ai·rplanes :11% Wto 

jet trainers :13% wto 
short-range transports :14% wto 

medium-range transports :11% wto 

long-range transports : 8% wto 

A collection of weight data is presented in 

287 



AIRPLANE TYPE KrOW A.P.U.- IKSTR. HYDR. ELEC- ELEC- FURNISH. AIRCOND. MISC. TOTAL 
GROUP NAV.EQPT. fNEUK. TRICAL TRONICS EQPT. ANTI-ICE 

Atlas Airbua A-300 82 302,000 983 377 3, 701 4,923 I, 726 13,161 3,642 732 29,245 
BAC I-ll Srs 300 87 ,ooo 457 182 991 2,317 1,005 4,933 1,579. - 11,465 
Boeing 707/320 C 330,000 151 515 1,086 4,179 2,338 9,527 3,608 -389 21,015 

707/321 301,000 - 561 498 3,959 I ,716 14,854 3,290 - 24,878 
720/022 203,000 - 555 505 4,070 1,200 13,055 2,890 - 22,275 
727/100 160,000 60 756 1,418 2,142 1,591 10,257 1,976 85 18,285 
727/IOOC 160,000 52 802 843 3,617 1,559 6,729 2,401 is 16,078 

t 737/200 100,400 836 625 873 1,066 956 6,643 1,416 124 13,539 
0 747/100 710,000 1,130 1,909 4,471 3,348 4,429 37,245 3,969 -421 54,380 .. 
"' Fokker VFW F-28 Mk 1000 65,000 346 302 164 1,023 869 4,030 1,074 - 8,008 ~ .. Ilk 2000 65,000 353 309 366 1,045 869 4,614 I, II I - 8,667 .. 

Lockheed Jetstar 30,680 - 153 262 973 318 1,521 510 560 4,297 .. ., 
McDonnell Douglas DC-8/55 328,000 - 1,271 2,196 2,398 1,551 14,335 3; 144 57 24,952 

DC-9/10 RC 91,500 818 719 714 1,663 914 7,408 1,476 24 13,736 
North Am. T-39A Sabreliner 16,700 - 122 116 720 407 857 333 - 2,555 
Aerospatiale Caravelle VI R 114,640 - 236 1,376 2,846 1,187 6,481 1,752 - 13,878 
VFW Fokker - 61 4 40,981 305 215 403 1,054 436 2,655 719 49 5,836 

Bristol Britannia JOOA 155,000 - 505 650 1,800 1,040 6,866 3,000 - 13,861 
Canadai r CL-44C 205,000 - 858 630 3,040 1,229 12,349 2,536 - 20,662 

"' !;! CL-44D 205,000 - 783 640 2,875 1,046 3,155 4,090 - 12,589 
0 

Fokker VFW F-27 Mk .. 100 39,000 - 81 242 835 386 2,291 1,225 - 5,060 

~ Ilk 500 45,000 - 126 256 840 329 3,035 I ,257 - 5,843 .. .. Grumman Gulfstream I 33,600 355 97 235 966 99 415 755 6 2,929 .. 
Lockheed C-130 E 13,487 ... 151,522 466 665 671 2,300 2,432 4, 765 2,126 62 ;;l .. L-1049 E 133,000 - 503 654 l,SOS I ,371 7,405 3,298 - 14,736 

~ .. Nord 262 23,050 - 133 765 238 1,324 527 33 3,020 
Vickers Viscount 702 50,044 - 154 331 2,048 447 2,519 1,516 - 7,015 

:a Beechcraft HS 760 7,650 .. !:l - 70 - 284 158 169 48 30 759 

~~ Cessna T-37 6,436 - 132 56 194 86 256 69 3 796 .. Northrop T-38A Talon II ,651 - 211 154 296 246 460 142 24 1,539 

!:1 Beechcraft 95 Travel Air 2,900 - 49 - 96 26 194 48 25 438 

~ G-50 7 ,ISO - 80 - 184 9 333 81 27 834 .. E-18 S 9,700 - 100 - 295 63 524 144 58 1,184 g ... Cessna 310 C 4,830 - 46 - 121 - 154 46 65 498 

<J Beechcraft Bonanza J-35 2,900 - 16 - 72 - 174 I 12 7 281 ' < 
Cessna ISOA 1,500 7 2 41 42 4 - 96 !:lfll - -

~s 1728 2,200 - 7 3 41 - 99 4 - 154 
~z 

180D .... 2,650 - 8 3 59 - lOS 6 - 181 
210A 2,900 - 16 4 60 - 116 12 20 228 

ALL WEIGHTS IN LB 

Table 8-11. Airframe services and equipment group weight breakdown 

Table 8-11. Several i terns wi 11 be discussed 

in greater detail in the paragraphs below. 

a. APU group. 

An APU is installed in most modern trans

port aircraft and also in some jet execu-
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tives. The installed weight may be based 

on the dry weight of the APU: 

Weight = kAPU WAPU (8-28) 

The installation factor accounts for the 

inlet and exhaust ducting mounting frames, 



silencers, fire protection and accessories, 

and is generally of the order of 2. 0 to 2. 5. 

The APU engine weight is mainly a function 

of the airflow capacity and power delivery. 

The bleed airflow requirement is approxi

mately .025 lb/min per cu. ft (.4 kg/min 
per m3) of passenger cabin volume or 1.1 

lb/min (.5 kg/min) per passenger in the 

high-density layout. 
The APU engine weight can be obtained from 

the APU specification once the engine has 

been chosen. The following relationship 

may be used instead: 

WAPU= 16 wba 
3/5 

(WAPU in lb, wba in 
lb/min) (8-29) 

WAPU=ll. 7 wba 
3/5 

(WAPU in kg, wba in 

kg/min) 

Recent APU engines used on wide-body trans

ports have a specific weight of only 65%of 

this value, due to improved materials and 
cycle efficiencies and increased cycle 

pressures and turbine temperatures. 

b. Instruments, navigational equipment and 

electronics groups. 
Requirements for the instruments and NAV/ 

CO~ equipment (avionics) are usually listed 

in the design specification. The minimum 

equipment required for safe operation is 

supplemented by a choice of optional equip

ment to improve the operational flexibility. 

The effects of airplane size are found main

ly in the weight of wiring and the flight 

control system, which increases in sizeand 

complexity when the aircraft is scaled up. 

NAV/COM equipment is partly or fully du

plicated on modern transports and even 

;:riplicated on recent large transports. A 
weight estimate may be based on the unit 

weight of each item of equipment, as ob

tained from manufacturers, as well as on 
data for airplanes designed for similar 

operational capabilitie~. If these data 
are not available, the following statisti

cal correlations may be used for the com
bined weight of instruments and avionics. 

Single-engine propeller aircraft: 8 lb (3.6 

kg) per pilot, for instruments and 20-30 

lb (9-13.6 kg) for radio, which is option

al on private aircraft but co~ulsory on 

trainers, commuters and taxi aircraft. 

Propeller-powered utility airplanes up to 

12,500 lb (5,670 kg) takeoff weight, VFR 

operations: 

40 + .008 wto 

18.1 + .008 wto 

(lb) I 
(kg) 

(8-30) 

Low-subsonic transports with manual flight 

control system, intended for IFR opera

tions and equipped with single NAV/COM 

equipment: 
120 + 20 

54.4 + 

(lb) I 
(kg) 

(8-31) 

where Ne is the number of engines per air
craft. This equation also gives reasonable 
results for low-subsonic jet trainers. 

For high-subsonic jet transports with pre

dominantly duplicated NAV/COM equipment, 

jeto executives and high-subsonic trainers, 

the weight of the instruments and elec

tronics group is: 

w = k w 5/9 ~ 1/4 
ieg ieg DE ··o (8-32) 

where w0E is the Delivery E~ty Weight and 
R0 the maximum range (Fig. 8-3) 

kieg=.575 for w0E and wieg in lb, R0 in nm 
kieg=.347 for w0E and Wieg in kg, ~ in km 
These data do not include the autopilot 
weight, which is considered part of the 

surface control system weight in the present 

subdivision. 

c. Hydraulic, pneumatic and electrical 

groups. 

On light aircraft (MTOW up to 12,500 lb or 

5,670 kg) the hydraulic system is general

ly restricted to a brake system and flap 

and undercarriage operation. For some cat

egories a good correlation was found for 

the combined weight of hydraulic and elec

trical systems: 

utility aircraft -

weight .00780 WE 6/ 5 lb (WE in 

weight= .00914 WE6/ 5 kg (WE in 

lb)l 
(8-33) 

kg) 
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jet trainers -

weight = .064 WE 

propeller transports -

(8-34) 

weight 

weight 

.325 w 4/ 5 
e 

.277 w 4/ 5 
e 

lb (WE in lb) I 
kg (WE in kg) 

(8-35) 

A subdivision for jet transports and jet 

executives appears desirable. The hydrau
lic and pneumatic power system weight is 

mainly affected by: 

1. the number of functions to be powered, 

i.e. powered or non-powered controls, op

eration of spoilers, etc., 

2. the extent of duplication or even tri

plication, 

3. the operating hydraulic or pneumatic 

pressure, as well as other details of th~ 

system design, 

4. the airplane size and geometry as re

lated to the length of the plumbing, 

5. the relative quantity of pneumatic 

functions, if any, and 

6. the state of the art. 

The combined weight of the hydraulic plus 
pneumatic system may be assumed to be 1~% 

of the DEW or, alternatively: 

no powered controls -

weight = .004 WDE + 100 (lb) I (8_ 36 ) 

weight= .004 WDE + 45 (kg) 

boosted controls; only some essential 

functions duplicated -

weight = .007 WDE + 200 

weight = .007 WDE + 91 

powered controls, fully 

weight = .011 WDE + 400 

weight= .011 WDE + 181 

(lb) I (8-37) 
(kg) 

duplicated system -

(lb) I (8-38) 
(kg) 

powered controls, triplex system-

weight= .015 WDE + 600 (lb)l (8_ 39 ) 

weight = .015 WDE + 272 (kg) 

For jet freighters these figures are rough

ly 30% higher, due partly to the somewhat 

lower empty weight and partly to the extra 

services required for loading and un

loading. Some weight reduction is possible 
for an increasing number of pneumatic 

system functions. 

The electrical system weight is affected 

mainly by: 
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1. the total electrical power required, 

which is primaliry determined by the gal

ley power, electronic equipment and fuel 

system power, 

2. whether or not the primary system is an 

A.C. or D.C. system*, 

3. the size of the airplane, in view of 

the length of wiring, 

4. the amount of system duplication and 

the standby systems, 

5. whether or not electrical power is 

generated by the A.P.U., and 

6. the state of the art. 

the following statistical relationships 

are suggested: 

primary system D.C. -

wel = . 02 wto + 400 (lb) I (8_ 40 ) 

wel = .02 wto + 181 (kg) 

primary system A. C., total electrical power 

generated up to 400 kVA -

wel = 36 Pel (1-,.033 ~) (lbll (8_ 41 ) 

wel = 16.3 Pel (1-.033 ~l (kg) 
In the absence of better information the 

electrical power generation may be obtained 

from statistical data in publications like 

Jane's All the World's Aircraft or from 

correlations with the passenger cabin vol

ume vpc 
if no electrical power is generated by the 

APU, Vpc up to 8,000 cu.ft (227m3 ) -

pel= .016 Vpc (Vpc in cu.ft)l (8_42 ) 

Pel = .565 Vpc (Vpc in m3 ) 
if electrical power generation by the APU 

is included -

Pel = 

Pel = 
These 

based 

.3 Vpc· 7 (Vpc in cu.ft)l (8_ 43 ) 

3.64 vpc· 7 (Vpc in m3 ) 

figures on electrical systems are 

on 1950-1965 technology. Recent de-

velopments have indicated that considera

ble improvements in system weights are 

possible by applying advanced techniques -

like multiplexing** and high-speed gener

ators. 

*Most present-day transport aircraft fea

ture A.C. primary systems 

**Aviation Week of October 28, 1968, pp. 

157-161: a weight reduction of 400 lb (181 

kg) was achieved on the Boeing 747 



GROUP DESCRIPTION METHOD REMARKS 

flight crew seats, instrument panels, 29 .285 

FLIGHT DECK control stands, sound proofing, insu- jet a/c : (16.5) x WDE w0E • Delivery 

lation, trim, floor covering, lighting 16 0 285 
E!llpty Weight~lb(kg) 

ACCOMMODATIONS and wiring, miscellaneous equipment propeller a/c: ( 9.1) X WOE 

passenger and attendants' seats Table 3-2 

galley (pantry) structure main meal galley: 250tb(LI3.4kg) each 

and provisions snack pantry : IOOtb( •>. 3kg) each 
galley inserts, 

I coffee bar : 65tb ( 29. 5kg) each 
potable water 

and toilet 
PASSENGER lavatory and toilet provisions, medium/long-haul: 300tb( 136.0kg)/toilet chemicals not 

water system (dry) short-haul : 165tb( 7S.Okg)/toilet included 
CAS IN coumuters : 85tb( 38.5kg)/toilet 

ACCOMMODATIONS jet aircraft: propeller aircraft: scf • cabin 

floor covering .18 1.15 .135 I. 15 floor area, 
(1.25) x set (.94) x scf 

galleys and to.i letS 

included'\.sq. ft <•2> 

soundproofing and insulation, wall vpc· passenger cabin 

covering, curtains, screens, window .30 1.07 .14 1.14 volume, 

shades, ceiling, lighting panels, (6 .17)x(Vpc +V ch' •(V +V ) 
galleys and toilets (3. 69) pc ch 

hatracks, partitions and doors; ward- includedVcu. ft (m3) 

robe and stowage provisions, freight V ch • total cargo 

hold linings and partitions hold volume"' cu. ft (m3) 

CARGO 

cargo restraints and hand 1 i ng 
(1.28kgfoh 

provisions 
.08 tb/cu. ft of vch 

ACCOMMODATIONS 

container or pallet cargo 2 
2.8 !b/sq.ft(l3.67kg/m) of freight floor area for 

handling provisions convertible passenger/cargo versions 

short or no overwater flights, cruise altitude 

fixed oxygen system, up to 2S,000ft(7620m): 20+ .5N "-lb(9.1+ 
pax • 227Npax "- kg) 

portable oxygen sets above 25 ,OOOft (7620m): 30+1.2N "'tb(l3.6+ 
pax • 544Npax "' kg) 

extended overwater 
flights: 40+2.4Npax "' 1b(l8.1+1.09 Npax "- kg) 

(STANDARD) N pax-max. no. of passengers 
fire detection and extinguishing jet a/c : .0012 w 

to for certification 
EMERGENCY system, portable extinguishers turboprop a/c: .0030 wto (pressure cabins) 

reciproc. a/c: .0060 w 
to 

EQUIPMENT 
escape provisions Other provisions in 

I tb(.453 kg) per occupant 
(evacuation slides and ropes) Operational lteu 

ALL WEIGHTS IN LB (KG) 

NOTE: coefficients in brackets refer to the metric system 

Table 8-12. Furnishing and equipment group weight for transport and executive aircraft 

d. Furnishing and equipment group. 

Light single-engine aircraft: this weight 

group consists mainly of the weight of 

seats, wall and floor covering, and some 

miscellaneous contributions. The weight is 

approximately. l3 lb (5.9 kg) per seat, plus 

25 lb (11.3 kg) per row of two seats, plus 

an additional 5 lb (2.3 kg). 

Light twin-engine aircraft: 15 lb (6.3 kg) 

per seat, plus 1 1b per cu.ft (16 kg per 

m3) of cabin plus cargo compartment volume. 

Jet trainers, equipped with two ejection 

seats: 6.5% of the Delivery Empty Weight. 

Civil freighters: 3 lb per sq.ft (14.7 kg/ 
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ITEM 

CRfW 

PROVISIONS 

PASSENGER 

CABIN 

SUPPLIES 

SUBDIVISION I METHOD 

I flight {tnd cnbin crew with ,1 

! baggage, f 1 ight equipment 

205 X N + 
(93) fc 

I t-----· --------4---------------------

ISO x N cc 
(68) 

removable galley bar equip- )commuters: I ~-b (.453 kg) x Npax 

ment, meal service, con~•Jm- jtransport aircraft, 

I 
I 

REMARKS, SYMBOLS 

i Nfc' Nee -= number of flight/ 

cabin crew members respectively 

- --------------
Npax = number of passengers, 

all-tourist. 
able food, drinks, beverageslsnacks only : 59.b 

pillows, papers and maga- I main meal, short-range: lt..Q.b 

(2.27kg).Npax First class: all data 

zL'nes, · ! l 

(6.35kg).Npax 5Q.b (2.27kg) per passenger 

pax 
f-- ----- --

____ .. ~:ertatn=-----~---~~g-~:~~~: 19ib 
(8.62kg). N i! higher 

-L-----------~ 
] short range : SON 

we 
or I. 5N "-lb (36. 3 N or .68N pax ":'kg) pax we 

POTABLE WATER A..'.JD TOILET CHEMICALS ] short/medium-range: 120N 
we 

or J.ON "-lb (S4.4 N or I. 36Npax"'kg) 
i pax we 
; long-range : 200N we 

or 6. SN "-lb (90. 7 N or 2.95N pax"'kg) : pax we 

SAFETY 

EQUIPMENT 

I life jackets, ' short or no overwater sectors: I N =number of 
/ 

1
, we 

I 
fire axes, 1 2Npax"'.tb (,907Npax"'kg~ I toilets/\lrlater closets;. 
eme~gency navigational 

1

! extended overwater fhghts: 1 data based on all- tounst 

equtpment 7.5Npax"'tb (3,4Npax"-'kg) Layout -~ 

r:~-----r. -·-----·--------~~~-g_a_s_t-ur --b,-_n_e_e_n

2

-g

1

-,

3

·n:r
1

, vci~roeat~~~----1~ vft "' total fuel tank 

capacity"-' U.S. gal. RESIDUAL FUEL i residual fuel 
i \ .81 x V I (liters) 

WATER/ 

METHANOL 

! I (.lSI) ft :.008 W I W • Max. Takeoff :--::::-:-1 to . to '--., ---------------1---------, ••. I I W<ight"' lb (kg) 

I residual oil i tur~:~rop Veng:;J _G j' 
I x W • fuel weight 

!---------------1~ (.I 51) ft f i 
I engine oil consumed ! .045 \V'f 

~, ------------------+-----------

"' lb (kg) 

water/methanol optional 

-------------~-------------------~--------------------------~~------------------_J 
CARGO HANDLING pallets, containers, ALL WEIGHTS IN LB (KG) 
EQUIPMENT cargo tiedown eqpt, Fig. 3-20 

NOTE: coefficients in brackets refer to the metric system 

Table 8-13. Data for estimating the weight of Operational Items (transport aircraft) 

m2 ) of main freightfloor area. 

Passenger transports and jet executives: 
a rough approximation is obtained with the 

statistical expression: 

weight .211 

weight .196 

w • 91 
ZF 

w • 91 
ZF 

(lb) 

(kg) 
(8-44) 

where WZF is the Maximum Zero Fuel Weight. 
The furnishing and equipment weight forms 
a very substantial contribution, of the 

order of half the fuselage structure 

weight. Instead of using (8-44) the de

signer may prefer to use a more detailed 
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estimation by breaking down the weight into 
several individual contributions. A pro

posed subdivision and calculation methods 

are presented in Tables 8-12 and 3-2. It 
should be noted that several items such as 
the weight of seats depend on the required 

standard of comfort and the type of inte
rior; these may be subject to customer re
quirements (Standard Items Variation) • 

e. Air-conditioning and anti-icing group. 

The weight of the air-conditioning and 

pressurization system depends on many fac

tors: 



1. the type of system used: air cycle or 

vapor cycle, use of ram air or engine bleed 

air, etc., 

2. design requirements, in terms of air

conditioning airflow per unit of time, air 
temperature, humidity and cabin pressure 

differential, cargo compartment air-condi

tioning, 

3. the amount of system duplication, 

4. the airplane size, or more specifically 

the cabin volume and length, and the sub

division into zones, 

5. the state of the art. 

Factors affecting the anti-icing and de

icing system weight are: 

1. type of system (electrical, hot-air, 

rubber boots) , 

2. dimensions, mainly the length or span 
of the airplane parts concerned, and 

3. the type of operation, viz. IFR or VFR 

flights. 

.For the combined system, the following data 

can be used: 

Light single-engine aircraft- 2.5 lb (1.1 

kg) per seat. Multi-engine unpressurized 

aircraft and jet trainers - 1.8% of the 

Delivery Empty Weight 
pressurized transports and executive air

craft -

weight 6.75 

weight 14.0 

l 1.28 
pc 

1 1. 28 
pc 

f. Miscellaneous. 

(lb) -1 
pc 

(kg)-lpc 

in fi 
m 

(8-45) 
in 

This item refers to auxiliary gears, photo

graphic equipment, external paint, manu

facturing variation, unaccounted items, 

unexpected weight growth, etc. No system

atic data are available, but in general a 

figure of up to 1% of the Delivery Empty 

Weight is typical for existing aircraft. 

8.4.4. Useful Load and the All-Up Weight 

a. Operational Items. 
Due to the large variation in operational 

conditions and requirements applying to 

passenger service, considerable variations 

in the weight of operational items can be 

observed. The data in Table 8-13 are re-

presentative of but by no means mandatory 

for the transport aircraft category. For 

private aircraft and jet trainers the only 

item of interest is the residual fuel and 

oil. 

It should be noted that the data of Table 

8-13 are generally applicable to modern, 

gas turbine powered aircraft. Considerably 

higher weight values are applicable to 

older piston-engine powered transport air

craft. 

b. Payload and fuel. 

Some data on specific gravity of fuels and 

civil payload will be found in Table 8-14. 

PASSENGERS 

PASS, BAGGAGE : 

LB 

'" 
40 

60 

BAGGAGE SPEC. DENSITY : 

FUEL SPECIFIC HEAT 

BTU/LB KCAL/KG 

GASOLINE : 18,700 10,389 

JP - 3 18,000 10,000 

JP - 4 18,550 10,305 

JP - 5 18,400 10,222 

KG 

75 

I 8 - TOURIST CLASS 

27 - FIRST CLASS 

SPECIFIC WEIGHT• 

LB/U.S, GAL KG/LITER 

5.85 . 701 

6, 32 .767 

6.50 .779 

6,84 .820 

LUBRICATING OIL SJ'ECIFIC WEIGHT: 7.5 LB/U.S. GAL ( .9 KG/LTR) 

Table 8-14. Standard weights of payload, 

fuel and oil 

The data presented in this Section 8.4 and 

Appendices C and D are sufficiently com

plete to enable the designer to make a 

fairly accurate prediction of the OEW of 

a civil airplane. Of necessity, the proce

dure is based on an initial estimate of 

the various characteristic weights, as ob

tained, for example, with Sections 5.2 and 

8. 2. 

The more detailed weight prediction will 

result in a value for the OEW that is es

sentially different from the first "guess

timate". The designer must therefore decide 

whether he should modify the Useful Load 

(i.e. fuel and/or payload) or the MTOW. 

Fresh calculations of the weight distribu

tion will then be necessary until the de

signer is satisfied with the convergence. 
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COMPONENT 

WING (HALF) 

FUSELAGE 

~ 
~ TAILPLANE 

(HALF) 

NACELLES 

SURFACE CONTROL 

SYSTEM 

ALIGHTING GEAR 

ENGINES AND 

ACCESSORIES 

AIRFRAME SERVICES 

AND EQUIPMENT 

FURNISHING 

C.G. LOCATION 

straight wing: 38-42% chord from LE at 40% semi-span from centerline 

swept wing: 70% local distance between front and rear spar, measured 

from front spar, at 35% semi-span from centerline 

distance froa fuseta·ge nose, in % of fuselage length {excl. spinner] 

single tractor \engine : 32 - 35 

wing-mounted propeller engines : 38 - 40 

wing-mounted jet ingines : 42 - 45 

rear fuselage mounted pods 47 

jet engine buried in fuselage 45 

42% chord from LE at 38% semi-span from root chord. 

Fin, T-ta~l c~nfiguration: 

42% chord from LE a·t 55% of height from root chord 

40% of nacelle length from nose, spinner excluded 

100% HAC from LEHAC, autopilot excluded 

at airplane e.g., or determined fr::>m location and weight of main and 

nose undercarriage 

from engine manufacturer's data 

from educated guess, taking into account location of main elements 

and functions to be powered 

from subdivision of Table 8-11 and cabin layout 

NOTE: more accurate estimates 

can be made by further break

down of each i tern into several 

contributions 

FILLED FUEL TANK for priamoid with height t and parallel end faces with area s 1 and s 2 
(see Fig. B-4), at distance Table 8-15. Approximate 

location of the center of 

gravity for several groups 

t s, ... 3 52 ... 2 v"S;S;' 
4 s, ... s2 ... ..;sls2 

If the designer decides to alter the Use
ful Load, the specified transport perfor
mance (payload-range) may no longer be 
achieved, while in the second eventuality 
the takeoff weight may become too high for 
acceptable takeoff, landing and/or climb 
performance. Sufficient aerodynamic data 
must be available to evaluate the design 
performance (Chapter 11). 
In this textbook we will proceed with the 
layout design, assuming that the previous 
weight prediction has not entailed major 
difficulties and that only minor changes 
in the weight distribution are required. 
However, there may be occasions when weight 
evaluation and changes result in a consid
erable increase of the takeoff weight. 
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from 
plane s 1 

8.5. CENTER OF GRAVITY 

Each airplane must be designed in such a 
way that good stability and control prop
erties and adequate flexibility in loading 
conditions are obtained. By suitable ar
rangement of the design layout and accept
able tailplane size, acceptable fore-and
aft limits of the center of gravity must 
be established, taking into account the 
following aspects: 
1. fore-and-aft po~ition of the wing rela
tive to the fuselage, 
2. provision of suitable locations for 
payload and fuel, 
) .. design of the horizontal tailplane, the 
elevator and the longitudinal flight con-



C.G. LIMITS, PER CENT M.A.C. ! PAY-·-
AIRPLANE TYPE FORWARD REAR RANGE 

takeoff flight takeoff flight takeoff flight 
landing landing landing 

Aerospatiale Corvette SN601 - 20.0 - 36;0 - 16.0 

A.C. Jet Coaunder 1121 20.0 20.0 36.0 36.0 16.0 16.0 

Lear Jet 25 9.0 9.0 30.0 30.0 21.0 21.0 

H. Siddeley HS-125 IA/18 18.0.• 18.0 • 37.5 • 3'1.5 • 19.5. 19.5. 

~ Dassault Hystire 20P 14.0 16.0 28.5 28.5 14.5 12.5 

~ H.P.B. Hansa 13.0 11.7 23.0 21.7 10.0 10.0 ., 
Fokker VFW F-28 HkiOOO 18.0 17.0 35.0 37.0 17.0 20.0 .. 

~ BAC I-ll Srs. 400 15.0. 14.0. 39.0 • 41.0 * 24.0. 27.0. 
N Sud. Av. Caravelle lOR 25.0 25.0 41.5 41.5 16.5 16.5 

KeD. Douglas DC-9/10 16.3 15.0 39.0 40.0 22.7 25.0 

DC-9/33F 5.9 3.1 34.7 34.7 28.8 31.6 

Boeing 737/100 15.0 15.0 35.0 35 .• 0 20.0 20.0 

Ai rbua A- 300 B2 11.0 11.0 31.0 31.0 20.0 20.0 

l3 
Lockheed 1011 Tristar - 12.0 - 32.0 - 20.0 

z Boeing 707/120 16.0 16.0 34.0 34.0 18.0 18.0 

i 720/022 15.0 15.0 31.0 31.0 16.0 16.0 .. 747/2008 - 12.5 - 32.0 - 19.5 
~ .. HcO • Douglas DC-8/21 16.5 16.5 

i 
32.0 32.0 15.5 15.5 

i!i Lockheed C-14JA 19.0 19.0 32.0 32.0 13.0 13.0 
~ Lockh.ed C-5A 19.0 19.0 41.0 41.0 22.0 22.0 

1-----
Fokker S-11 Instructor 21.5 21.5 27.0 27.0 s.s s.s 
Cessna 172, Normal Cat. 15.6 15.6 36.5 36.5 20.9 20.9 

~ 177, Normal Cat. s.o s.o 28.0 28.0 23.0 23.0 

~ 177, Utility Cat. s.o s.o 18.5 18.5 13.5 13.5 .. 206 Skyvagon 12.2 12.2 39.4 39.4 27.2 27.2 
!:l Beechcraft B-45 Mentor 20.1 19.0 28.0 28.0 7.9 9.0 _, 
"' .. Piaggio P-148 (3 seater) 22.3 22.3 30.7 30.7 8.4 8.4 lii .. Pilatus PC-6-M2 Porter 11.0 11.0 34.0 34.0 23.0 23.0 - Saab 91-B Safir 17.9 17.9 27. I 27.1 9.2 9.2 

De Havilland DHC-2 Beaver 17.4 17.4 40.3 40.3 22.9 22.9 
---

Cessna Model 337 17.3 17.3 30.9 30.9 13.6 13.6 

Piper PA 30C Twin Comanche 12.0 12.0 27.8 27.8 15.8 15.8 ., 
Beechcraft Queen Air H. 80 16.0 16.0 29.9 29.9 13.9 13.9 ~ 

~ Dornier Do 28-D-1 10.7 10.7 30.8 30.8 20.1 20.1 

.. DHC-6 Twin Otter 20.0 20.0 36.0 36.0 16.0 16.0 

~ Nord 262 16.0 16.0 30.0 30.0 14.0 14.0 

~ Fokker VFW F-27~Mk 200 20.0 18.7 38.0 40.7 18.0 22.0 

Hurel Dubois HD 32 23.5 23.5 46.5 46.5 23.0 23.0 
N 

Convair 240 15.0 8.5 31.0 33.0 16.0 24.5 

340 13.0 8.5 34.0 35.0 21.0 26.5 

H. Siddeley Andover C.Hk I 13.3 • 13.3 • 36.0 • 36.0 * 22.7 • 22.7. 
'-- - ~----·--· -- -- ---~-- ~- ~· ·- --

Bre'guet 941 23.0 23.0 32.0 32.0 9.0 9.0 

~ Douglas DC-6 16.0 12.0 33.0 35.0 17.0 23.0 

~ Lockheed I 88C Electra 15.0 13.0 32.0 33.0 17.0 io.o 
"' .. Bristol 175 Britannia 13.0 • 12.0. 34.5 • 35.5. 21.5 * 23.5. 
!:l Lockheed L-1049 H 18.0 IS.O 32.0 34.0 14.0 19.0 _, 
"' ~ L-1649 A 15.0 12.0 32.0 34.0 17.0 22.0 .. C-130 E 15.0 15.0 30.0 30.0 15.0 15.0 .. 

Canadair CL-44 c 12.2 12.2 30.5 31.4 18.3 19.2 

per cent SHC 

F • fixed stabilizer, V • variable incidence stabilizer, A • all-movable tail 

*** flap angle for landing 

LOAD 

ZOEW 

28.3 

20.6 

35.6 

14.0 

23. I 

30.9 

42.0 

35.3 

32.3 

42.4 

10.8 

49.4 

37.4 

36.1 

38.2 

31.9 

45.8 

27.0 

so. 3 

67.9 

22.2 

64.3 

58.6 

58.6 

67.3 

17.4 

26.3 

79.9 

23.9 

49.3 

37. I 

40.7 

44.9 

34.7 

74.0 

48.0 

55.8 

36.5 

33.9 

56.0 

53.6 
-----
70.0 

29.4 

53.6 

37.3 

44.9 

17.5 

51.4 

22.8 

hor. 

Sh1h tail 

s;; type .. 
.64 v 
.64 F 

.64 F 

.69 F 

.66 v 
0 71 F 

.97 v 

.85 v 

.56 F 

I. IS v 
1.18 v 
I. 14 v 
1.07 v 

.93 A 

.61 v 

.59 v 
1.00 v 

.58 v 

.51 v 

.64 v 

.43 F 

.59 F 

.60 A 

.60 A 

.77 F 

.54 F 

.43 F 

.67 A 

.64 F 

0 76 F 

.51 F 

.44 A 

.73 F 

.67 A 

.93 F 

.96 F 

.96 F 

1.32 F 

1.07 F 

1.03 F 

1.09 F 
--· 
I. OS v 
1.04 F 

.80 F 

.97 F 

I. 15 F 

1.12 F 

1.00 F 

1.14 F 

Table 8-16. Center of gravity limits for several types of aircraft 

CL .... . .. 
2.40 

1.66 

1.39 

2.44 

2.30 

2.00 

2.53 

2.38 

2.10 

2.40 

2.98 

3.10 

2.65 

2.57 

1.86 

2.26 

2.55 

2.10 

2.32 

2.60 

1.25 

2.14 

1.86 

1.86 

2.16 

2.01 

1.90 

2.28 

-
-

I. 78 

1.66 

1.88 

2. 36 

2.37 

2.23 

2.94 

2.70 

2.33 

2.61 

2.88 

7.19 

2. 77 

2.54 

2.56 

2.60 

' 2.53 

2.28 

2. 56 
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trol system, and 

4. location of the undercarriage legs. 

The designer's freedom of choice is great

ly limited by the conditions imposed upon 

the e.g. location. This applies in partic

ular to the location of fixed items like 

engines and cargo holds, both having a 

considerable bearing on the balance of 

the airplane. 

The e.g. must be established in both the 

longitudinal and the vertical direction. 

Having obtained the weight distribution, 

the designer can produce a sideview with 

a suitable system of coordinate axes and 

the centers of gravity plotted on it for 

each individual item (Table 8-15). Tables 

similar to Table 8-3 are filled out and 

the final result of this tabulationyields 

the horizontal and vertical location of 

the e.g. for the Operating Empty Weight 

condition: 

(8-46) 

(8-47) 

Fore- and -aft shift of limits for the c. g. 

due to different loading conditions must 

be estimated and indicated in the drawing. 

The designer must demonstrate that in all 
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likely loading conditions the actual e.g. 

will remain inside the fore-and-aft lim

itations, without undue penalties in the 

form of loading restrictions. Some proce

dures used to obtain a good wing location 

and e.g. range will be discussed in the 

following sections. 

8.5.1. The load and balance diagram 

It is not sufficient to determine the e.g. 

for only one condition, ~.g. the ~ully 

loaded condition. What is important for an 

analysis of the stability and control prop

erties are the most critical fore-and-aft 

locations. 

Assuming that the general (airplane) ar

rangement and layout design have been de

cided upon, the loading flexibility can be 

illustrated in a weight and balance dia

gram (Fig. 8-7). Both the likely operation

al e.g. shift and the "aerodynamic" limits 

are indicated in this diagram as a function 

of the weight. The Mean Aerodynamic Chord 

(MAC)* or the Standard Mean Chord (SMCl* 

are used to define the e.g. position. 

The Aircraft Prepared for Service, but 

without fuel and payload (OEW), is re

presented by point A in Fig. 8-7. A margin 

of a few per cent MAC is usually assumed 

*Definitions are given in Appendix A. 

C.G. POSITION- PER CENT MAC 

Fig. 8-7. Load and balance 

diagram for a short-haul 

wide-body airliner 
150~----~i---~----~-----L----~----~------L-~--L--

0 5 10 15 20 25 30 35 40 
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on both sides of the standard location to 

allow for variation in the weights and lo

cations of the airframe services, equipment 

and Operational Items (cf. Section 8.2.1.), 

undercarriage retraction, etc. The loading 

of passengers in the cabin and baggage or 

cargo in the compartments increases the 

weight and causes a shift of the e.g. which 

will depend upon the location of the var

iable load relative to point A. 

For passenger transports it is not usual 

to assume that the passenger seating is 

completely arbitrary. The procedure to be 

described in Section 8.5.2. is a statisti

cal prediction of the most practicable 

envelope of passenger loading distributions, 

assuming a free choice of the seats. In 

view of its shape the passenger loading 

envelope is sometimes referred to as 

"loading potato" or "passengers loop". 

The effects of loading the cargo compart

ments is indicated by shifting the most 

extreme points of the loading envelope, 

points B1 and B2 . In the example a 2 is 

located outside the allowable e.g. limits 

and hence for low payloads there must al

ways be some load in the forward cargo 

hold. At a later stage of the design 

loading restrictions of this type are 

translated into load sheets used by the 

operator's personnel to control the e.g. 

Assuming that points c1 and C2 represent 

the most extreme locations, the fuel load 

can be inserted by further envelopes, 

originating at c 1 and c 2 . In the example 

shown it is assumed that a fuel management 

procedure has been developed to minimize 

the e.g. shift, resulting in approximately 

straight lines in the diagram. On a swept 

wing this is not always entirely feasible; 

the use of reserve tanks to minimize the 

e.g. shift can then be considered. As op

posed to this, the BAC-Sud Concorde fea

tures a system for transferring fuel from 

the wing tanks to a rear fuselage tank, in 

order to cope with the a.c. shift of the 

airplane caused by the transition from 

subsonic to supersonic flight. 

Variations in the e.g. have an effect not 

only on stability and control characteris

tics, but also on the tail maneuver loads 

and the ground loads acting on the nose 

undercarriage. A loading envelope must 

therefore be established, defining possible 

combinations of e.g. and Gross Weight, for 

which certification is requested. The 

principal aim during preliminary design is 

to ensure that the most likely operational 

loadings are not unduly penalized by com

plicated and/or stringent loading restric

tions. 

8.5.2. Loading flexibility and restrictions 

The type of operation envisaged for the 

airplane determines to what extent special 

loading restrictions are acceptable. Though 

a generous allowable e.g. travel improves 

the operational flexibility, there are some 

pitfalls as well: 

l. A large e.g. shift entails large vari

ations in the stability and maneuver mar

gins and generally makes the design of the 

tailplane and control system more diffi

cult. Added complexity, weight and skin 

friction drag will be the inevitable re

sult. 

2. A large stability margin entails appre

ciable trim drag. 

3. A e.g. location that is well forward of 

the airplane's neutral point must be 

balanced by a download on the tail. The 

maximum lift coefficient (flaps down) may 

be considerably reduced by this. 

A collection of data on e.g. locations is 

presented in Table 8-16. The following 

comments will make them easier to interpret. 

For passenger transports a generous e.g. 

travel of the order of 20-25% MAC is 

desirable. Different seating arrangements 

and cabin layouts, payload growth, alter

nate conversions into Quick Change (QC) or 

combined passenger/freight transport, and 

increased fuel tank capacity on later ver

sions are all aspects to be considered. 

Airlines object strenuously to assigning 

passengers definite seats, but balancing 

with freight is acceptable up to a certain 

point. Fuel management procedures are ac-
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ceptable, but fixed ballast should be 

avoided altogetber. 

For light aircraft it is desirable to ana

lyze all likely loading conditions. For 

passenger transports the following "window 

seating rule" is observed (example in Fig. 

8-8). 

A 

Fig. 8-8. The window seating procedure 

In the empty aircraft the passengers are 

assumed to occupy the seats nearest to the 

window first. When these are filled (A-> C), 

the rows next to the window seats are oc

cupied (C-> D), followed finally by those 

nearest to the aisle (D-> E). The window 

seats are occupied in two different ways: 

- starting from the front (A -> B1 -> C) 

- starting from the rear (A -> B2 -> C) 

In this way a loop is formed. Here the most 

forward and rearward points (B1 and B2 l 

correspond to the situation where all win

dow seats in front of or behind A respec

tively,are occupied. The loops C-> D and 

D -> E are computed in a similar manner. 

The example applies to a cabin layout with 

5-abreast seating, resulting in a small 

upper loop for a single third row of seats. 

Other aircraft arrangements may give quite 

different results (Section 8.5.3.). 

General aviation aircraft (commuters, util

ity aircraft, air taxis) usually need a 

fairly large e.g. travel for versatility 

in operation. For example, the Pilatus 

Porter has a travel of 23% MAC, the Scottish 

Aviation Jetstream as much as 30% SMC. A 

large travel is not required on light pri

vate aircraft as the payload is relatively 

low and located close to the e.g. of the 
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empty aircraft. Only simple loading pro
cedures will be acceptable. Light aircraft 

for 2 persons need a e.g. travel of only 

5 to 10% MAC. St.atistical variation of the 

occupant weights and variations in equip

ment and furnishing should be accounted 

for. 

In the case of freighter aircraft the large 

variety in payload characteristics means 

that there are too many conceivable loading 

conditions for all of them to be considered 

in the preliminary design stage. It is 

·suggested that reasonable fore-and-aft e.g. 

limits be chosen on the basis of statisti

cal evidence or stability and acceptable 

control characteristics, assuming the hor

izontal tailplane design to be fixed. A 

balance diagram can be drawn to limit the 

cargo e.g. as a function of its weight 

(Fig. 8-9). The relevant equation is: 

0 .__ __ 1J..O---'--......J12'----'---,..L.4_.::,_...._ _ _,16x100' 

CARGO C.G. - FUSELAGE STATION 

Fig. 8-9. Typical loading limits for a 

large freighter 

WOE ( --- x -x )+x (8-48) 
Wcargo cglimit OE cglimit 

where w0E and x0E are the OEW and the as

sociated e.g. position, while Xcglimit re
presents the fore-and-aft e.g. limits, 

corresponding to the weight w0E + Wcargo 

The cargo loading flexibility, 

(8-49) 



is therefore proportional to the allowable 

e.g . travel. The asymmetric shape of the 

diagram is caused by the e.g . location of 

the empty airplane, which is very near the 

aft limit in this particular example. On a 

fully loaded airplane the freight must al

ways be unloaded from the aft section of 

the freighthold. Whether or not this is ac

ceptable depends upon the location of the 

loading doors and the type of operation . 

A noticeable e.g. shift will also occur during 

ground loading and unloading of transport aircraft. 

To avoid an unexpected turnover, the e . g. must al

ways be inside the triangle interconnecting the 

wheel contact points. Passenger access and freight

hold doors must be located not too far to the rear 

end of the fuselage if a nosewheel undercarriage is 

envisaged . 

8.5.3. Effects of the general arrangement 

and layout 

The effect of engine location on the bal

ance is illustrated in Fig . 8-10 for three 

typical general arrangements. To give the 
comparison point, the designs have approx

imately equal weights, wing area, payload 

and fuel. The differences in engine loca

tion for Configurations 2 and 3 have re

sulted in a shift of the wing backwards or 

forwards relative to Configuration 1. 

Configuration 1 is generally the easiest 

to balance as the cabin volumetric center 

is close to the e.g. of the empty aircraft. 

The e.g. travel is large for a mixed class 

layout if one of the cabin compartments is 

empty. Cargo can be used to balance the 

aircraft by suitable distribution between 

the forward and rear cargo holds, which 

are of roughly equal volume. The e.g. 

corresponding to the OEW is usually located 

at 25-30% MAC. 

Configuration 2 is generally the most 

difficult layout for which to obtain a 

satisfactory balance, particularly on 

short-haul aircraft, as both the engines 

and the payload masses are relatively large. 

CONFIGURATION 1 

CONF IGURATION 2 

passengers 

CONF IGURATION 3 

Fig. 8-10. Effect of the general arrange
ment on load and balance 

The e.g . of the empty aircraft is very near 
the rear limit (approximately 35-40% MAC)* . 
Most of the payload is ahead of the e.g. 

and the most forward location corresponds 

to the MZFW. 
The e.g. shift of Configuration 2 is 3 to 
5% MAC larger than for an otherwise compa

rable Configuration 1, but an acceptable 
loading flexibility is nevertheless feasiblE 

in most cases, in particular when a T-tail 

is adopted, being very effective under nor

mal flight conditions. For combined pas

senger/cargo transport, however, this con

figuration is generally considered unde
sirable, because the cargo, when located 

in front of the passenger cabin, will bring 

*It is known that the Tupolev 154 has its 

e.g. at 50% MAC in the empty condition (cf. 

The Aeroplane, Oct. 1966, page 18) 
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the e.g. too far forward when there are not 

many passengers in the cabin. The most rel

evant differences between configurations 

and 2 are summarized in Table 8-17. 

Loading Case 

Empty aircraft 

Very high-density 

full aircraft 

aircraft 

Full tourist. Very 

light first class 

Full first clast! 

Very light tourist 

Partially full one

class aircraft; 

passengers seating 

from rear. Window 

seating only 

Partially full one

class aircraft; 

passengers seating 

fr011 front. Window 

seating only 

Underwing Podded 
Layout 

No problem.. Approx, 

center of range 

No problem. Approx. 

c_enter of ranse 

No problem. 

Rear e.g. critical 

Requires special 

baggage disposition 

Rear-Engined 
Layout 

Rear limit based 

on this case 

Forward 1 imi t 

baaed on this 

case 

No problem 

No problem 

Forward e.g. critical No problem 

Requires special 

baggage disposition 

Forward limit based llo problem 

on this case 

Forward 1 imi t based 

on this case 

No problem 

~--------~------------~-------·--

Table 8-17. Summary of critical loading 

conditions for two airplane configurations 

{Reference: Aerospace Engineering, October 

1960, page 74) 

Configuration 3. Although the example 

assumes jet engines, this layout is chosen 

more frequently in propeller aircraft, par

ticularly if the propellers are in front of 

the flight deck. The situation is to some 

extent the reverse of Configuration 2, but 

the balancing problems are generally less 

difficult. The empty aircraft has its e.g. 

at about 20-25% MAC, the critical loading 

case being the high-density layout, re

sulting in the rear e.g. position. The 

relatively large tail arm aids in solving 

stability and control problems and the 

horizontal tailplane can be kept relatiye

ly small, particularly for T-tail designs. 
The provision of a cargo compartment in 

the fuselage nose in front of the cockpit 

will improve the balance. 
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8.5.4. Design procedure to obtain a 

balanced aircraft 

There may be various ways in which the air

plane can be balanced, depending upon the 

degree to which the design has been frozen: 

1. The e.g. of the empty aircraft can be 

_optimized by locating the wing appropria

tely in the longitudinal direction. 

2. The e.g. range can be reduced by a fa

vorable cabin layout and suitable location 

of the engines, cargo compartments, fuel 

tanks and certain items of airframe ser

vices and equipment. 

3. Suitable tailplane and control system 

design and undercarriage location should 

provide acceptable fore-and-aft e.g. lim

its. 

The first step in e.g. calculation is usually made 

in the stage when the wing location has to be de

termined. Wing location may be fi ·<ed in some cases 

by consideration of wing attachment provisions. 

For example, in the case of the HFB Hansa business 

jet, a mid-wing layout, the condition was imposed 

that the wing box had to be located aft of the pas

senger cabin. This could be solved only by using a 

swept-forward wing. For low-subsonic aircraft, how

ever, wing sweep should be limited to some 5 or 10 

degrees to avoid undesirable aerodynamic effects. 

A proposed design procedure to balance the 

wing location, tail size and e.g. travel 

will be discussed in Section 9.5.2. In a 

first approach it is generally sufficient 

to aim at a reasonable e.g. travel and to 

choose the wing location accordingly. This 

simple procedure is illustrated by Fig. 

8-11. 

Step 1. 

The airplane is subdivided into at least 

the following groups: 

1. The fuselage group*- containing parts 

whose location is fixed relative to the 

fuselage, e.g. the fully furnished and 

*Note that the terms "fuselage group" and 

"wing group" as used here have different 

meanings from those in Section 8.4.2. 



z 
----------------------, 

1------'x 111 FUSELAGE I 

GROUP I 
I 
I 
I 
I ---"'-----+-+------_____ -- J 

I 
I WING 
I 
I 

GROUP 

I?\ e.g. max. fuel I 
l+x " '-:..) I 
--------------------~ 

~--------------------------------.x 
Fig. 8-11. Determination of 

the wing location 

equipped fuselage, several airframe ser

vices, fuselage-mounted engines, the hor

izontal and vertical tailplane, the nose

wheel u.c., but not the payload nor the 

main u.c., as the latter is more or less 

fixed relative to the MAC" (assume 10-15% 

behind the aft e.g. limit or 45-50% MAC 

approximately for a nosewheel u.c.). 

2. The wing group* - parts whose location 

is fixed relative to the wing: the wing 

structure, fuel system, main u.c. legs 

(even if attached to the fuselage) and 

wing-mounted jet engines. Occasionally, 

wing-mounted engines should be considered 

as part of the fuselage group if, for ex

ample, the propP.ller plane has a fixed 

location next to a cargo compartment (cf. 

Section 6. 4. 5. ) . 

3. The (variable) payload. 

·4 .• The (variable) fuel load. 

Step 2 

The fuselage group is drawn and the X-axis 

usually assumed parallel to the cabin floor 

or the propeller axis. Using the data of 

Section 8.4. and Table 8-15, the e.g. of 

the complete group is computed in both the 

X- and the Z-direction. 

Step 3 

The empty wing group is drawn on a separate 

*Note that the terms "fuselage group" and 

"wing group" as used here have different 

meanings from those in Section 8.4.2. 

(transparent) sheet and the root chord, the 

tip chord and the MAC* or SMC* are indi

cated. The e.g. is computed and expressed 

as a fraction of the MAC relative to the 

MAC Leading Edge (LEMAC) . 

Step 4 

Assume a reasonable location for the e.g. 

of the empty aircraft (x0 E) relative to 

the MAC, using statistical data and the 

considerations presented in Section 8.5.3. 

Step 5 

Calculate the coordinate of the wing lead

ing edge (XLEMAC) relative to the fuselage 

coordinate system: 

(8-50) 

where "'£g" and "wg" respectively denote 

the fuselage .and wing groups. 

Step 6 

Compute a load and balance diagram of the 

type illustrated in Fig. 8-7 by considering 

various possible combinations of payload 

and fuel loading. The window seating rule 

(Section 8.5.2.) is applied to passenger 

transports. 

Step 7 

Allowing for weight growth, various cabin 

layouts, fuel capacity growth, Standard 

Items Variations and design tolerances, 

*Defined in Appendix A. 
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estimate the fore-and-aft limits that are 

likely to yield acceptable loading restric
tions and a horizontal tailplane of limited 

size. The data in Table 8-16 may b~ used 

for comparison. 

Step 8 

In the case of an unacceptable e.g. shift, 

a revised choice of x0E or several other 

design revisions discussed previously may 

improve the situation. 

Step 9 

Repeat the procedure until the result is 

considered satisfactory. It must be 
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realized that satisfactory balance is not 

always possible on each design. Radical 

design changes such as a complete redesign 

of the general arrangement are sometimes 

necessary.. 

If a more complete balancing process in combination 

with a tailplane sizing procedure is desired, the 

c. g. travel is calculated as a function of XLEMAC 

and the horizontal tailplane area. _The result is 

combined with an "X-plot", relating the e.g. limits 

to the horizontal tail size (Chapter 9). The inter

relationship between undercarriage design and c. g. 

location will be dealt with in Chapter 10. 



Chapter 9. Preliminary tail plane design 

SUMMARY 

The aerodynamic design of the tailplane is based on many specific requirements regarding 
its functions, which are to provide equilibrium in steady flight (trim), to ensure that 
this condition is stable and that disturbances are well damped, and to generate aerody
namic forces for maneuvering the aircraft. The control forces involved must be acceptable 
to pilots, with the airplane both in trimmed and out-of-trim conditions. 
Design requirements for longitudinal stability and control characteristics - basically 
those specified in the airworthiness regulations - form the starting point for the deri
vation of limits to the location of the center of gravity in connection with the size of 
the horizontal tailplane. Attention is paid to the reduction of control forces by aero
dynamic balancing and to some aspects of dynamic behavior, the latter affecting the tail
plane design of large aircraft with irreversible control systems. A detailed procedure is 
presented, together with design data, for obtaining a balance between the required and a
vailable e.g. range, and the wing location. 
Design criteria, considerations and methods are presented for estimating the minimumsize 
of the vertical tailplane and the rudder control capacity. Control after failure of an 
engine on multi-engine transports, directional stability and landings in crosswind are 
considered as the most pertinent aspects. Design recommendations relevant to light air
craft are made in order to ensure recovery from spins. 

303 



NOMENCLATURE 

A 

a.c. 

aspect rati9 (no subscript: wing 
aspect ratio) 

- aerodynamic center 

- number of blades per propeller 
- span (no index: wing span); width 

- hinge moment coefficient of a 

control surface = hinge moment/ 

(local dynamic pressure x control 

surface area x mean control sur

face• chord) 

cha'ch6 - ach;aa and ach/36, respectively 
CL - lift coefficient, based on local 

dynamic pressure and gross area 

of airfoil 

lift-curve slope = dCL/da 

acLh;aah and acLh/a6e' respec
tively 

ern - pitching moment coefficient, 

C = M/ {IJpV2Sc) rn • -
Cffia ;Crn.i - a em/ a a and a em/a (~vJ 

Crn 
c q 

N 
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pitching moment coefficient a

bout th2 aerodynamic center 

- acrn;a (~) 
- normal force coefficient = normal 

force/(local dynamic pressure x 

reference area) 

- yawing moment coefficient 

N/(IJpV2Sb) 
- coefficient of directional sta

bility = acn;as 

- side force coefficient 

Y/(IJpV2S) and Yv/(IJpVv2Sv), re
spectively 

- lift-curve slope of vertical 

tailplane = acYv/aav 
cyclic damping of an oscillation 

= T~/P 
- length of the MAC 

- center of gravity 

- propeller diameter 

- elevator control force, positive 

forwards (push) 
frequency (sec- 1) 

- elevatdr control gear r.at_:i,o 

- acceleration due to gravity--

- height of fuselage; fin span 

polar moment of inertia about 

the lateral axis 

k 

L 

MAC 

rn 

n 

r 

s 

SMC 

T 

T; 

1 - horizontal tailplane incidence 
- non-dirnens~onal radius of inertia 

in pitch, KY 2 = Iyg/(wc2> 

- correction factor 

- lift 
- factor characterizing the longi-

tudinal maneuverability 

-length (of a moment arm); dis

tance 

- pitching moment; Mach number 
- pitching moment about the mean 

quarter-chord point of the wing 

- Mean Aerodynamic Chord 

- non-dimensional factor defining 

the vertical position of the 
horizontal tailplane 

- yawing moment 

- aN;as 
- yawing moment caused by asymmet-

rical engine thrust 

- normal load factor L/W 

- limit load factor 
normal load factor gradient=an;aa 

- engine power; period of an os
cillation 

- brake horsepower 

- angular pitching velocity; dy-

namic pressure 
- factor defining the longitudinal 

position of the horizontal tail

plane = 2R.h/b 
area (no subscript: gross wing 
area) 

- Standard Mean Chord 

- thrust 

- time to half amplitude of an os-

<::illation 

- asymmetry in the thrust caused 

by engine failure 
- (true) airspeed 

- approach speed 

~ cruJ.sing speed 

- design speed with flaps extended 
(EAS) 

-- maximum level flight speed 

- minimum control _speed i_n the air 

(EAS) 

- rotation speed 
minimum speed in a stall 

- trim speed 



- (airplane) weight 
- Operational Weight Empty 
- Maximum Landing Weight 
- Maximum Payload Weight (struc-

tural limit) 

- Maximum Takeoff Weight 
longitudinal coordinate in air-
plane axis system 

xcg;~xcg- longitudinal coordinate and 
travel of airplane e.g., 
respectively 

y 

6 

!) 

)J 

(J 

T 

side force (normal to the air
craft's plane of symmetry) 

- oY/dS 
- yawing moment arm of critical 

engine 

- distance of thrust vector below 
e.g. 

- angle of attack; da/dt 
- angle of sideslip 
- shift; ad1itional contribution 

(e.g. ~T •.. =increment due to 
thrust) 

- control surface deflection angle 
- downwash angle 
- damping ratio of an oscillation 
- tailplane effectiveness (reduc-

tion) factor 

- angle of pitch; d6/dt 
- sweepback angle (no subscript: 

wing sweepback angle) 
taper ratio (no subscript: wing 
taper) 

- tire-to-runway friction coeffi
cient 

- airplane mass ratio= W/(pgSc) 
- air density and p at sea level, 

respectively 

- sidewash angle 
- change in zero-lift angle per 

degree control deflection 

w 

- angle defining the location of 
the horizontal tailplane rela
tive to the wing root chord 

- angle of bank 
- angular frequency of an oscilla-

tion 

- undamped natural frequency of an 
oscillation 

Subscripts 

A-h 

A-v 

ac 

cg 

e 

f 

fn 

fs 

g 

h 

i 

n 

p 

R 

r 

s 

T 

to 
tr 
v 

0 

1 

.25 

- aircraft without horizontal tail
plane 

- aircraft without vertical tail
plane 

- aerodynamic center 
- center of gravity 

elevator; (critical) engine 
- fuselage; flap at the trailing 

edge 
- nose section of fuselage 
- side view of fuselage 
- (main) landing gear 
- horizontal tailplane 

interference 
- maneuver point 
-neutral point; nacelle(s) 
- propeller (s) 

- takeoff rotation 
- rudder 
-slipstream of propeller(s); 

leading-edge high-lift device 
(slat) 

- thrust 

- t:akeoff 
- trimmed condition 
- vertical tailplane 
- sea level; landing configuration 
- takeoff configuration 
- quarter-chord line or point 

A prime denotes the stick-free condition or a special definition of the verticaltailplane 

9.1. INTRODUCTION TO TAILPLANE DESIGN, CON
TROL SYSTEMS AND STABILIZATION 

The functions allotted to the fixed and 
movable tail surfaces are as follows: 
a. To ensure equilibrium of moments in 

steady flight by exercising a force at a 
given distance from the center of gravity. 
b. To ensure that this equilibrium is 
stable, which implies that a~ter a dis
turbance the equilibrium is restored and 
that there is adequate damping for the 
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rapid suppression of oscillations. 

c. To generate forces for maneuvering the 

aircraft: rotation during takeoff, control 

of the flight path, flareout during land

ing and taxying. 

These useful attributes are counteracted 

to some extent by a large item on the debit 

side. Although the total tail surface area 

of small aircraft will not exceed some 25 

to 30 percent of the wing area, ratios of 

40 to 50 percent are no exception in the 

case of some high-speed and STOL aircraft. 

In cases like these the structural weight 

and drag reach such high values that it 

will unquestionably prove worthwile to 

investigate how the tail surfaces can be 

reduced to a minimum during the prelimi

nary design stage. 

The tailless aircraft shows that the func

tions of the horizontal tail may be taken 

over by other elements, nor will it always 

be necessary to locate the tail surfaces 

behind the wing. The canard type of con

figuration is sometimes adopted to obtain 

particular characteristics. Section 2.6.3. 

shows why this rather unconventional con

figuration may sometimes have certain ad

vantages. It will henceforth be assumed 

that the arrangement of the empennage has 

(provisionally) been d,ecided upon, for 

example on the basis of the considerations 

dealt with in Section 2.4. Using the meth

ods given it will nevertheless be possible 
to obtain a general idea of the influence 

which the location of the horizontal tail 

surface will have on its dimensions. A 

final decision cannot be taken until the 

structure has been fully developed. 

A survey of some methods which enable the 

designer to size the tail surfaces and de

termine their principal characteristics 

will be presented here, taking a number 

of important design criteria as point of 

departure. The survey makes no claim to 

completeness, and the approach recommended 

is not necessarily representative of that 

chosen in most design departments. In many 

cases the knowledge gained through experi

ence, as well as the designer's own intui-
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tion, may play a much more important role 

than may be evident from the present text. 

Apart from some rather detailed procedures 

fast, simple methods are also given for a 

first estimation of the size and shape of 

the tailplane. 

During the preliminary design stage the tail sur

faces may present one of the most difficult prob

lems in the dimensioning of the main parts of the 

aircraft, and this, in turn, may lead to many iter-

ations. 

a. The aerodynamic characteristics are very sensi

tive to design details and can only be calculated 

very approximately during the stage when 11 paper 

designs" are being made. For example, the asymmet

rical flow pattern during flight with one engine 

inoperative and the aircraft in a sideslip, does 

not lend itself to calculations. In addition, non

linear behavior is a frequent occurrence and com

pressibility effects may have a much more radical 

and unpredictable influence on the flying qualities 

than on performance. 

b. ~st requirements have to pe satisfied for a 

wide range of operational conditions. Not only is 

it difficult to anticipate which conditions will 

be critical, but in addition there may be conflict

ing solutions, resulting in an unsatisfactory com-

promise. 

c. Contrary ·to the dimensioning of the wing of con

ventional aircraft, where reliable calculations may 

be carried out on the basis of relatively simple 

relationships from flight mechanics, the analysis 

of the flying characteristics calls for determina

tion of the dynamic behavior. In the case of large, 

high-speed aircraft attention should also be given 

to aeroelastici ty. 

d. The design criteria relating to the flying qual

ities of civil aircraft are mostly outlined in 

fairly general terms and may be subject to differ

ent interpretations. The pilot's verdict plays an 

important part and for this reason a flight simu

lator is sometimes introduced dy.ring the design 

stage. 

e. The design of the empennage is closely tied up 

with that of the surface control system. The dis

tribution of masses and its variations - e.g. cen

ter of gravity locations, moments of inertia - for 

various loading conditions will also have to be 

known. Proposals for further modifications may 



neverthe.Less follow from the dimensioning of the 

tail surface. 

Several attempts have been made to combine existing 

knowledge on aerodynamic characteristics relating 

to tailplane design into a consistent set of hand

book-type methods. The most important of these are 

the USAF Stability and Control Oatcom (Ref. 9-39) 

and the sheets prepared by the Engineering Sciences 

Data Unit (ESDU), formerly by the Royal Aeronauti

cal Society (Ref. 9-41). The Royal Aircraft Estab

lishment (RAE) has recently drawn up a computer 

program based on these procedures {Ref. 9-46). A 

more concise collection of prediction methods can 

be found in Appendices E and G of the present text

book. 

The detailed design of the surface control 

system is generally not regarded as part 

of the work of the preliminary design en

gineer, with the usual exception of light 

aircraft which have relatively simple me

chanical systems. Nevertheless, it is es

sential to decide how the aerodynamic loads 
exerted on the movable portion of the tail

plane will be felt by the pilot. 

a. When manual control is adopted there 

will be a direct mechanical transmission 

of forces from the control surfaces to the 

flight deck controls and back by means of 

rods and/or cables (reversible system) . 
The aerodynamic forces acting on the con
trol surface will be felt by the pilot di

rectly or indirectly (via tabs), although 

friction in the system will obscure his 

perception. 

For a given type of control, the stick 

forces increase with the size, equivalent 

airspeed and load factor. Methods are re

quired to reduce these forces, e.g. over

hanging balance, balancing tabs and spring 

tabs. 

b. Power-assisted controls may be used when 

the desired control forces and system lin

earity cannot be satisfactorily obtained 

by aerodynamic means. The rudder or eleva

tor is operated by means of a pneumatic or 

hydraulic ram which exerts a multiple of 

the force applied by the pilot (boost ra

tio). Control feel will still be provided 

without excessive control forces. 

c. Power(-operated) controls are used on 

many large and high-speed transports and 

even on relatively small high-subsonic ex

ecutive aircraft. In these systems the 

control surfaces are moved by electrical, 

hydraulic or pneumatic means without di

rect physical effort by the pilot. Control 

feel is obtained by artificial means. 

A survey of the advantages and disadvan

tages of the various systems can be found 
in Ref. 9-6. 

The majority of present-day high-speedair
craft are controlled by power-assisted ·or 

power-operated control systems, because 

aerodynamic balancing of the control sur

faces demands considerable time in devel

opment, while the result is often sensitive 

to manufacturing tolerances, and modifica

tions are sometimes required during flight 

evaluation. In the case of very large, 

fast aircraft with highly sweptback wings 

and effective flaps, it will not always be 

possible to achieve satisfactory charac

teristics for all operational conditions 

and aircraft configurations. Electronic 

systems have been developed - and are in 

operational use - which improve the sta

bility (Stability Augmentation Systems, 

SAS) and provide more effective response 

to control wheel movements as compared 
with the natural behavior of the aircraft. 

Development work is also being carried out 

to find out whether a worthwile gain can 

be obtained from a fully automatic stabi

lization system. An appreciable reduction 

in tail area may be feasible if the natu

ral "aerodynamic" stability is dispensed 

with and if the whole aircraft is designed 

from the outset with this approach in mind 

(Control Configured Vehicle) . The actual 

gain from such a system wil"l be determined 

by the tail design requirements which stern 

from conditions other than stabilization 

(maneuvering, takeoff rotation and landing 

flareout) and may thus vary widely for dif

ferent types of aircraft. 

Although these aspects are closely tied up 

with the design of the tail surfaces, they 
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will only be referred to as occasion de
mands. Ref. 9-11 investigates this subject 
more fully on the basis of a practical ap
proach. 

9.2. STATIC LONGITUDINAL STABILITY AND 
ELEVATOR CONTROL FORCES 

A condensed account will be given of the 
major requirements relating to static 
longitudinal stability and control and. to 
the influence of tail surface design on 
these aspects. For more detailed informa
tion the reader should consult the rele
vant literature. For the sake of clarity 
the derivation of most of the formulas 
has been omitted since they can be found 
in practically every textbook on the pres
ent subject. 

9.2.1. Stick-fixed static stability and 
neutral points 

In flight conditions which may persist for 
any length of time, as well as during the 
takeoff, approach and landing phases, the 
aircraft will have to be statically stable 

' 1--------'•n.:______..j 
z ~-----------------·~h~---------------4~ 

Fig. 9-1. Geometric definitions, forces 
and moments 

L (9-1) 

and the moment about an axis through the 
aerodynamic center, normal to the x-z 
plane: 

(9-2) 

or, in nondimensional form: 

(9-3) 

with fixed as well as free elevator con- em 
trols. Under these circumstances a state t 
of equilibrium is achieved by adjusting 
the elevator or the stabilizer, if the 
latter is adjustable. The aircraft will 
possess static longitudinal stability if, 
from this trimmed state, a disturbance in 
the angle of attack results in a pitching 
moment which tends to restore the aircraft 
to the state of equilibrium. In Fig. 9-1 
the trimmed condition is defined by the 
equilibrium of forces*. Ignoring the con
tribution of drag forces, we have for the 
total lift: 

*Departing from convention, we have taken 
lift forces instead of normal forces, since 
this is acceptable for small angles of at
tack. The ref.erence line is taken through 
the leading edge of the MAC (LEMAC), paral
lel to the fuselage reference line (e.g. 
the cabin floor) 
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A C. 

~~~-~.S'J:q 
HORIZONTAL TAILPLANE (~ II'}" ~ 

CONTRIBUTION (~1<. 
"''"D.9 

Fig. 9-2. Pitching moment curve and trimmed 
condition 

Fig. 9-2 shows the pitching moment coeffi

cient of the aircraft without the horizon
tal tail, the tailplane contribution and 
the aircraft pitching moment coefficient. 
The trimmed condition is represented by 
point A, where em = 0. A disturbance by an 



instantaneous change in the angle of at
tack 6a causes incremental lift forces on 
the aircraft less the horizontal tail, and 
the horizontal tailplane, whose resultant 
acts through the neutral point. By defini
tion the stick-fixed neutral point is the 
position of the center of gravity for 
which dCm/da = 0, for constant elevator 
angle. The degree of static stability is 
normally defined as the distance of the 
center of gravity ahead of the neutral 
point, expressed as a fraction of the Mean 
Aerodynamic Chord (MAC) or the Standard 
Mean Chord (SMC), referred to as the stat
ic margin: 

(9-4) 

The condition for static stability is 
dCm/da < 0 and the center of gravity must 
therefore be in front of the neutral point 
to achieve this. 
It can be shown that the neutral point is 
related to the aerodynamic center of the 
aircraft, less tail, as follows: 

(1_ ~~) Shih (v~/ 
sc: 

(9-5) 

where 

(9-6) 

This expression is valid only in the ab-
sence of compressibility effects and ef-
fects due to powerplant operation. Some 
additional details will be given in Sec-
tion 9.2.5. 

A simple criterion for the size of the hor
izontal tail may be obtained by assuming 
that the stick-fixed static margin should 
at least have a certain specified minimum 
value, from which a condition for the aft 
e.g. location is found: 

X X X -X X -x 
...ES=~+~-~ - - - - (9-7) 

c c c c 

The af.t c. g. location is depicted in Fig. 
9-3 as a function of the horizontal tail 

t 

Fig. 9-3. Stick-fixed and stick-free neu
tral points and aft e.g. limits vs. tail 
volume 

size. 

The aerodynamic center (aircraft less tail) is 

mainly determined by the wing shape, but impo·rtant 

contributions due to the fuse.Lage and nacelles 

must be taken into account. Appendix E provides 

methods and data for estimating its location. The 

term x 0 -xac in (9-7) is obtained from (9-5) and 

(9-6) , for which the required coefficients can be 

obtained from Appendix E. 

A minimum required value of 5 percent of c is fre
quently used for x0 -x09 , but it should be realized 

that for most aircraft the effects of compressi

bility and power result in large variations. In 

addition, an analysis of static margins at the aft 

c. g. of existing aircraft shows a considerable 

spread, which must be attributed to the following 

points. 

a. The stick-fixed static margin is not really a 

significant criterion, but rather an outcome of the 

tail sizing process according to other criteria 

{stick forces, dynamic stability, etc.). 

b. The use of the MAC in static stability consid

erations is arbitrary. It has been found that air

craft with a relatively small MAC - or a lar.ge 

value of ~h;C - have large static margins. A better 

result would be obtained by relating the static 

margin to the tail moment arm R.h, which is more 

significant for e.g. shifts due to different load

ing conditions. A static margin of 1.5 to 2 per

cent of R.h at the aft e.g. appea-rs to be a good 

assumption, if, in spite of the previous objection~ 

the tail size is based on static stability_. 
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The stick-fixed neutral point may also be 

defined as the position of the center of 

gravity for which the displacement of the 

control column (i.e. the elevator deflec

tion) required to maintain a steady speed, 

above or below the trimmed speed, is zero. 

It can be shown that the elevator deflec

tion required to bring about a change in 

Speed is given by: 

do e 
dV (9-8) 

where vtr is the speed in trimmed flight. 
The elevator and stick movements required 

to change the trimmed speed by a small a
mount are thus proportional to the stick

fixed static margin. Since the pilot re

gards the stick forces as more important 

than the control displacements, no limits 

are imposed on doe/dV. 

9.2.2. Stick-free static stability and 
neutral point; the stick force gradient 

In the case of a manual (reversible) con
trol system the free elevator will assume 

a position where the aerodynamic hinge mo

ment will be zero, provided any friction 

in the system is neglected. This will re

sult in a different position for each an

gle of attack, and consequently the sta

bilizing action of the tail surface will 

be changed. There is an analogy with the 

case where the controls are fixed, so for 

the stick-free neutral point we have: 

c ' 
X '-x Lh 
~=--"(1-- c ' c La 

where 

c ' 
r,.h 

(l 

and 
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(9-9) 

(9-10) 

(9-11) 

Hence the stick-free stability is identi
cal to the stick-fixed stability, except , 

that the tailplane lift gradient is ef

fectively reduced by the factor CLh6Cha/Ch6• 
Since for a normally balanced elevator 

ch6 < 0 and cLho is always positive, the 

sign of Ch" will decide whether or not the 
stability will be increased when the con

trol is left free. If Ch" > 0 the control 
will trail against the wind, stability 

will be increased and the stick-free neu

tral point will be further back than it 

would be with the stick fixed. If Cha < 0 
the control trails with the wind and the 

stick-free stability is less than in the 
stick-fixed situation. 

It can be shown that the stick-free sta-

bility is related to the stick force gra-

dient, i.e. the change in stick force re-

qui red for a small change in forward speed 

is given by the following relationship: 

(9-12) 

where the stick gearing G is defined as 

the ratio of the elevator rotation to the 

control column displacement. Normal values 

of G will be .6 to .9 rads/ft (2 to 3 

rads/m) . 

It can be seen that the stick force gra

dient is positive if the pilot has to push 

the control dolurnn forward (dFe > 0) to 
increase the flight speed from a trimmed 
condition (dV > 0). 

For transport aircraft the FAR 25.173 reg

ulation stipulates that for all weights 

between the MLW and the MTOW the stick 

force gradient must amount to at least one 

lb per six knots (.15 kg per m/s) of speed 

increment from the trimmed speed. Assuming 

that the elevator span is equal to that of 

the horizontal stabilizer, we may assume: 

CL s ho 
:::: e 

s:- \ sh 
h 

(9-13) 
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Substituting this in (9-12), we obtain the 

following condition for the stick-free 

static margin : 

(9-14) 

where the maximum level flight speed and 

the MLW are assumed to form the most de

manding situation. The aft e . g . limit cor
responding t o (9-14) has been plotted in 

Fig. 9-4. 

Another requirement is formulated as a 

limitation of the control force (FAR 25.175) 

within a limited region of approach speeds 

(1.1 Vg0 < v < 1 . 8 v50). This should not 

exceed 80 lb (36 kg) at a trimmed speed of 

1 . 4 V50 • Then, by approximation, we have: 

dFe 
' 200 lb (91 kq) (9-15) 

This requirement is equivalent to a for
ward limit of the e.g. position : 

x •-x [ dF ] ~_c,_. 7 e x 
c d(V/VS ) 

o max 

(9-16) 

This requirement is generally less criti

cal than the limits imposed by the maximum 

permissible stick force per g, which will 

be dealt with in the following section. 

9 . 2 . 3. Stick-fixed and stick-free maneuver 

points and maneuver control f o rces 

The maneuver stability of a conventional 

aircraft must satisfy the condition: 

(9-17) 

which impl ies that, in order to pull the 

aircraft out of a dive at a steady speed, 

the pilot must pull the control co~umn 

towards him. The maneuver stability is 

made up of two components, one resulting 

from the change in incidence involved ana 

one from the angular rotation in pitch as 

the aircraft follows a curved flight path. 
The sti ck-fixed maneuver point is defined 

as the position of the center of gravity 

when the stick displacement per g is zero. 

This point is related to the stick-fixed 

neutral point by the following relation

ship : 

x -x m n 

c 4W 

where the stability derivative Cmq, 

a em 

(9-18) 

(9-19) 

represents the aerodynamic damping in 

pitch, primarily due to the change in hor

izontal tailplane angle of attack . The 

following equation can be used to estimate 

the stick-fixed maneuver point: 

x -x 
~ 

2 
5 h R.h CL 

ha 
. 55 pg ----~ we (9-20) 

This equation shows that the stick-fixed 

maneuver point lies behind the stick-fixed 

neutral point (Fig. 9-4) and that the dis-

.. 
St. s 

_3 

.2 

.1 

JC;ac/t 
0 

0 .2 .3 .. 
Fig . 9-4. Limitations for the horizontal 

tail area and e . g . position for aircraft 

with manual control, based on stick force 
requirements 
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tance between the two points decreases 

with altitude. 

There are no civil requirements which stip

ulate limits regarding d6e/dn. However, as 
will be seen from Section 9.3.2., the ma

neuver stability is important in relation 
to the longitudinal short period oscilla

tory response of an aircraft to control 

movements. 

The stick-free maneuver point is defined 

as the position of the center of gravity -

with free elevator control - for which the 

stick force per g is zero in the case of a 

steady pull-out of an airplane, trimmed 

for level flight at the same speed. Again 

using (9-13), the location of this point 

can be related to the stick-free neutral 

point: 

x '-x ' m n 

c 
where 

• 55 pg we (9-21) 

(9-22) 

The maneuver margin is the distance by 

which the e.g. lies ahead of the maneuver 

point, and it represents a direct measure 

of the stick force per g: 

dF s - c GCh x •-x e - w ece 6 ~ (9-23) dr1 sh~h ~ 
h6 

c 

This expression is valid for a linear con

trol system, i.e. the control force is 

proportional to the elevator angle. 

The permissible control forces per g will 

depend on the type of aircraft. There will 

have to be an upper limit to avoid. pilot's 

fatigue during prolonged periods of maneu

vering, while a lower limit will have to 

be set in order to prevent excessive 

stresses in the structure and over-sensi

tivity in rough air. The limits taken from 

the military requirement MIL-F-8785 (Ref. 

9-18) may also be usefully applied to 
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Unit Control Wheel Control Stick 

MaxiiiMII dFidn tb/s 120 
but ' 120 S6 

but ' 21 VI "J. • I 

--- ----------- ----------
kg/g 

54.4 
but ' 54.4 25.4 

but ' IZ.7 "J. - I "J. - I 

Minimum dF /dn lb/g 
·4S but iit; 6 21 

but • l 
"L - I "L ... I 

---------- ----------
""'" 

20.4 but iit; 2.7 9.S but ~ 1.4 "J.- I VI 

Table 9-1. Longitudinal stick force limits 

according to MIL-F-8785 B(ASG), Ref. 9-18 

transport aircraft; see •Table 9-1'. The fac

tor nL in this table is the limit load 

factor, specified in the airworthiness reg

ulations for maneuver loads. For transport 

aircraft weighing more than 50,000 lb 

(22,680 kg) this load factor is equal to 

2.5, while for lighter aircraft it is a 

function of the weight. 

The control force limits may be used to 
supply corresponding limits to the stick
free maneuver margin. Substituting (9-13) 

into (9-22), and rearranging, we obtain: 

x '-x 
~ 

c 
(9-24) 

W ffl.h (S /S ) 3/ 2 c GCh e h 6 

Flight at sea level will be the deciding 

case for the forward limit, while the aft 

limit will be determined by flight at high 

altitude. An example of the permissible 
range of e.g. positions is shown in Fig. 

9-4 as a function of the relative tail

plane area. 

The range of allowable e.g. locations fQr transport 

aircraft with manual control systems should not be 

unduly limited by the permissible stick forces per 

g. In particular, the forward limit is determined 

by considerations of controllability in the low

speed configuration (section 9.4.). If, therefore, 

we assume that for this e.g. limit the stick force 

per g reaches its maximum value, we may derive a 

condition for the aft c. 9. limit from the value of 

minimum stick force per 9 by subtracting the maxi

mum and minimum values obtained for (9-23) within 

the flight envelope, with the following result for 



the aft e.g. limit: 

c c c w c 

(9-25) 

where xm' is the stick-free maneuver point at sea 

level. The forward limit is located at a distance 

6x ahead of the aft limit. cg 
Equation 9-25 shows clearly that, in order to ob-

tain acceptable maneuvering stick forces, the aft 

e.g. limit should be forward of the stick-free 

maneuver point by an amount which is directly re

lated to the e.g. travel. For aircraft with a large 

e.g. travel we conclude that the maneuver margin at 

the aft e.g. wiil also be relatively large, and 

this is one of the reasons why a generalized mini

mum for the static margin is not relevant, as al

ready stated in Section 9.2.1. 

9.2.4. Reduction of control forces 

The control forces for a manual con-
trol system are dependent on the hinge mo

ment coefficients Cha and ch6 and the a
mount of stick-free stability provided by 

the aircraft. For given values of Cha and 
ch6 the stick force per g increases pro
portionally to the All-Up Weight of the 
aircraft and the linear dimensions, as 
shown by (9-23), although even in the case 
of light aircraft it will be necessary to 

reduce the control forces. Incidentally, 
aerodynamic balancing is applied not only 
to manually controlled surfaces, but also 
to power-assisted or power-operated sur

faces, in order to reduce the power re
quirements. 

Various methods of balancing are available, 
but the reduction of ch6 , for example, must 
not be carried too far, because if Ch0 be
comes positive the control surface is over
balanced. The degree of control force re
duction is limited by non-linearities in 
the control force/deflection relationship, 

by the variation in characteristics be
tween aircraft of the same production 

batch due to production imperfections, and 
by small changes in the shape of the con

trol surface due to the formation of ice. 

In addition, certain tab systems exhibit a 
slow response to the pilot's commands. 

The hinge moment coefficient ch6 - the con
trol "heaviness" parameter - is of primary 
importance in reducing the control forces. 
In order to get some idea of the reduction 
in ch6 required to meet the stick force re
quirements for various airplane sizes, it 

may be useful to impose the condition that 
the maximum and minimum permitted values 

of the stick force per g should be ob
tained at the forward and aft e.g. limit, 

respectively. The corresponding value of 
Ch is obtained from (9-23) by ignor~ng 
th~ effect of altitude variation on the 
stick-free maneuver point: 

.,"" u_,_o 
-.8 

-.6 
-.5 
-.4 

-.3 

-.2 

-.1 

-.08 

-.0~03 3 4 5 

(9-26) 

sh;s. s.; sh •. 2_:: 
I Ah.5; Cl .3.6rad 

""' G.2.5rad/m •. 762 
rad/ft 

Axcg/lh •. os 

Fig. 9-5. Typical hinge moment coefficient 
required to obtain maximum and minimum 
stick force per g at forward and aft e.g. 
limit for transport aircraft with control 

wheels 

This result has been plotted in Fig. 9-5 
for a typical combination of parameters vs. 
the All-Up Weight of transport aircraft, 
for various wing loadings. The figure sug
gests that for weights in excess of about 
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50,000 lb (23,000 kg) the reduction of Ch0 
becomes problematic in view of the minimum 

value recommended in Ref. 9-28. However, 

various servo-tab and spring-tab systems 

are available, which may extend the range 

of airplane sizes for which manual control 

can be applied up to the Douglas DC-8 class 

of high-speed transports, though this will 

entail an increasing number of control de

sign problems. 

The hinge coefficient Cha - the control 

"floating" parameter - is decisive for the 

change in stick force resulting from the 

response of the aircraft to the control 

movement. When the aircraft responds to 

the elevator deflection, its angle of at

tack is changed and the control force re

quired to maintain a steady maneuver is 

either greater or less than the control 

force required to initiate the maneuver, 

depending on the sign and magnitude of Cha· 

Control surface designers usually aim at 

small positive or negative values for Cha 

to avoid large differences in control 

forces during a maneuver, large differences 

in stick-fixed and stick-free stability, 

and large variations in control forces due 

to changes in airplane configuration and 

power setting. Ref. 9-28 reconunends a limit 
1 

of cha < - 3 cho· 

-.7 

HORN 

INT:RNAL SEALED 

~~ 
BALANCING TAB 

·1.2 ·.2 -.4 
'-UNBALANCED CONTROL 

-1.0 -.6 -.8 
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Various methods for obtaining satisfactory 

values of Ch0 and Cha will now be reviewed 

briefly (see Figs. 9-6 and 9-7). Methods 

for estimating these coefficients can be 

found in Refs. 9-24 and 9-41, but high 

prediction accuracies must not be expected. 

THE PLAIN (UNBALANCED) CONTROL SURFACE has 

an increase in linear lift with deflec

tions of up to 10 to 15 degrees. It has 

values of Ch0 and Cha that are too large 

to give acceptable forces on most aircraft. 

OVERHANGING (OR SET-BACK HINGE) BALANCE 

- A blunt-nose balance has a greater ef

fect on hinge moments than a sharp-nose 

balance, but it may produce non-linear 

characteristics at relatively small de

flections. Unsealing the gap between the 

control and the airfoil tends to increase 

the balance. 

- Small values of Cha cannot always be ob

tained without overbalancing. 

- Set-back hinge balance is conunonly used 

on aircraft with manual controls, some

times in combination with other methods. 
SEALED INTERNAL BALANCE 

- It is structurally complicated to in

stall a flexible, airtight seal and to 

provide enough deflection without the bal

ance interfering with the inside part of 

the fixed structure. 

Balancing effectiveness is comparable to 

.2 

-.2 

-.3 

1.4 

Fig. 9-6. Effect of aerody

namic balance on hinge mo

ment coefficient (example) 



control rod 

0 

tab hnkage 
BALANCING TAB. 

SPRING TABS 

SERVO TAB 

Fig. 9-7. Mechanical principle of tab con

trol systems 

the overhang balance, except that non

linearities do not occur. 

HORN BALANCE 

- Balance weight and aerodynamic loads are 

not evenly distributed in spanwise direc

tion, and this may give rise to torsion 

loads in the control surface. 

- For an unshielded horn balance the effect 

of balancing on Cha is large. This may give 

rise to an unfavorable relation betweench 6 

and Cha· This effect is less for a shielded 

horn balance. 

- The formation of ice on an unshielded 

horn may give rise to control problems. 

BEVELED TRAILING EDGE BALANCE 

- The characteristics are nonlinear, un

less the control gap is sealed. 

- It may be difficult to reproduce the 

specified trailing-edge angle in the pro

duction stage. 

BALANCING (OR GEARED) TAB (Fig. 9-7a) 

- On deflection of the control surface the 

tab is geared to move in the opposite di

rection, thus producing an aerodynamic mo

ment about the hinge line, which assists 

the pilot in moving the control. 

- A balancing tab has the effect of re

ducing the value of ch6 without apprecia

bly changing cha• since the airfoil shape 

is not varied, except when the control sur

face is deflected. This type of balance 

may thus be used in conjunction with other 

methods to adjust ch6 while leaving Cha 

unchanged. 

- A tab chord of 20 percent of the control 

chord gives the least reduction in control 

effectiveness due to the action of the tab. 

- The control forces may, if so desired, 

be increased by using an anti-balance tab, 

i.e. a tab which is geared to move in the 

same direction as the control surface. 

- For a given tab chord/control chord ra

tio the amount of ch6 reduction is de

termined by the fixed ratio of the tab and 

control deflection angles. This is usually 

made adjustable in the design stage. 

- The balancing tab is frequently used as 

a trim tab. 

THE SERVO TAB (Fig. 9-7b) 

- The pilot's control is connected direct

ly to the tab, while there is no rigid 

connection with the control surface. The 

control force depends on the hinge moments 

of both the control surface and the tab to 

an extent determined by the ratio a 1/a2 . 

For small a 1;a2 very low stick forces are 

obtained. 

- For low a 1;a2 ratios the control is eas

ily overbalanced as the tab is in the 

boundary layer of the stabilizer and the 

control. 

- Control effectiveness at low speeds may 

be inadequate and the servo tab is easily 

overbalanced at the stall. It is mainly 

for these reasons that the servo tab is 

not used on many modern aircraft. 

THE SPRING TAB (Fig. 9-7c and d) 

- The principle is basically the same as 

that of the servo tab, but in addition 

there is a spring connecting the tab with 

the fixed airfoil or the main control sur

face. 

- At high speeds the tab carries a large 

control force in relation to the spring 

force. The action of the spring tab is 

then comparable to that of the servo tab. 

- At low speeds the spring force is large 

in relation to the lift on the tab and 

system c. behaves like a plain control, 

while system d. acts·more or less like a 

geared tab. 

- The effective Ch6 decreases with EAS in 

a way which is mainly determined by a 1;a2 

and the spring stiffness. This causes the 

control forces to vary only moderately with 
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speed. 
- The control forces are relatively inde
pendent of the Ch~ and Ch0 values of both 
surfaces. 

- The spring tab system cannot be over
balanced even at the stall, since the tab 
deflects only when there is a load on the 
control surface. 

- Spring tabs may be pre-loaded to prevent 
them from coming into operation for small 
stick forces, in order to keep the spring 
tab out of action at low speeds. 
- Practical spring tab systems are struc
turally much more complicated than Fig. 
9-7 might suggest. 
- The response to control commands is slow 
in view of the floating action of the 
main control surface. 

9.2.5. Effects of compressibility and 
powerplant operation 

When a condition of equilibrium is dis
turbed, resulting in variations in the air
speed, attention must be paid to the fact 
that compressibility and engine operation 
will make the aerodynamic coefficients 
dependent on the flying speed. Both ef
fects are of a highly complex nature and 
will be discussed only very briefly. The 
effects of aeroelasticity on stability 
will not be dealt with here, but these are 
quite important in the case of large, high
speed aircraft. 

a. Compressibility. 
In making an assessment of the influence 
of the Mach number on the various factors 
contributing to stability, it will be noted 
that at subcritical speeds - i.e. where 
there are no shock waves - the neutral 
point will generally move forward with in
creasing M. Fig. 9-8 shows that Cm~= cm;a~ 
becomes less negative, which implies that 
the subcritical compressibility has a de
stabilizing effect. The available methods 
of analysis give only a generalized in
fluence of Mach effects on Cm~ and, in ad
dition, a term aCm/aM must be added to the 
stability equation. 
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Fig. 9-8. Effects of compressibility and 
airplane flexibility on static stability 

At Mach numbers above the lift-divergence 
condition, CL~ decreases with M and acL;aM 
becomes negative. A shock wave which first 
appears on the inboard wing causes a rear
ward shift of the neutral point and the 
lift loss causes a reduction in the down
wash at the tailplane. The result of these 
phenomena may be a large nose-down pitch
ing moment which will force the aircraft 
into a high-speed dive from which recovery 
is very difficult ("tuck under"). Most 
high-subsonic aircraft have a Mach trimmer 
incorporated in the autopilot to cure this 
misbehavior. 

b. Engine operation: propeller aircraft. 
The direct effects are: 
1. A force normal to the flow, a component 
of which is acting in the plane of the pro
peller if it is at an angle of attack to 
the flow. For a propeller ahead of the e.g. 
the effect will be destabilizing. In Ap
pendix E, Section E-8 this contribution is 
referred to as ~p xac· 
2. If the e.g. is above the thrustline of 
the propellers, the thrust will supply a 
moment which will vary with the airspeed, 
resulting in a destabilizing effect which 
will become greater with increasing CL. A 
stabilizing effect will be obtained when 
the e.g. lies below the thrust-line; an 
example is shown in Fig. 6-15. 



Indirect·effects are: 
1. A shift in the a.c. of the wing. 

2. An increase in downwash resulting from 

an increase in the circulation over the 

wing, which has a destabilizing effect. 

3. Increased dynamic pressure behind the 

propeller. Its influence on stability will 

depend on the tail load and the location 

of the tailplane in relation to the pro

peller slipstream, and may have either a 

stabilizing or a destabilizing influence. 

On the whole, engine operation will gener

ally have a destabilizing effect and will 

be greatest for relatively high power out

puts and low flying speeds during takeoff 

and aborted landings. 
Ref. ~-34 gives a relatively simple method 
for taking account of slipstream effects 

on the location of the neutral point. This 

method may be approximated by increasing 

the downwash term in (9-5) and (9-6) rel

ative to the power-off condition by an a
mount: 

li lp p 2 53 c 31 de: br L 
fls da=6.5 t 4 w3 

h 

2.5 

(9-27) 

where Pbr is the shaft horsepower of one 
engine and ~ defines the position of the 

horizontal tailplane relative to the wing 

(see Fig. E-13 and Fig. 2-24): 

~ = sin- 1 m 
r (9-28) 

Equation 9-27 is valid for 0° < ~ < 30°, 

while fls de:/da may be assumed zero outside 
this range. 

c. Engine operation: jet aircraft. 
Direct effects: 

1. Normal force on the engine inlet which 

will have a destabilizing effect when it 

is ahead of the e.g. and a stabilizing ef

fect when it is aft of the e.g. 

2. As in the case of propeller aircraft 
there will be a destabilizing factor when 

the e.g. lies at a distance zT above the 
line of thrust. This effect may be re

garded as a forward shift of the neutral 

point in the case of variations in the 
airspeed with constant thrust: 

(9-29) 

where the summation is made for all oper

ating engines. 

An indirect effect of engine operation on 

jet aircraft is an increase in downwash 

when the exhaust efflux passes a relative

ly short distance below the tail. 

Engine operation will have a destabilizing 

effect on aircraft with engines mounted 
below the wing. 

9.3. SOME ASPECTS OF DYNAMIC BEHAVIOR 

When dealing with large high-speed air

craft, cruising at high altitudes and e

quipped with effective flaps for takeoff 

and landing, it will be desirable to know 

some of the dynamic characteristics at an 
early design stage, since these will gen

erally be the deciding factors for the 

size of the tailplane. Only a condensed 

account of the dynamic stability with 

fixed controls will be given here. 

The overall dynamic longitudinal motion 

of an aircraft can generally be broken 

down into the short period (SP) oscilla

tion and the phugoid. 

9.3.1. Characteristics of the SP oscilla
tion 

The SP oscillation is a periodic motion 

which takes place at nearly constant speed 

and is subject to both angular and normal 

accelerations. This motion is generally 

highly damped and stable when the e.g. 

lies ahead of the stick-fixed neutral 

point. It is not so much the stability 

which matters, but rather the character of 

the oscillation which is defined by the 

following parameters. 

The PERIOD P is generally of the order of 

a few seconds, but for large aircraft it 
may amount to some ten seconds. The period 
increases with a rearward shift of the e.g. 
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.OS .1 . 2 f _, .3 .4 .5 .6 .7 - sec 

T _I ... I DC- 9 landing, X 40% c , w 74,000 lb 
~ tn 2 vi-~· cg 

c~ =-p=~--~- II idem X 15% c, idem 
cg 

III DC-8-62, landing, X 32.3% c, w 240 ,000 lb cg 
21T t n 2 \1- ~ 2 IV idem X 18.2% c, idem w = p = --:r;;- --~- cg 

v idem ' 25 ,000 f t, X 34.6% c , w 250, OOOlb cg 
VI idem idem X 16.8% c, idem w tn 2 cg w 

n = v'H' =~ VII DC-C-63, landing, X 34 .6% c , w 250 , 000 lb cg 
VIII idem idem X 13% c, ide m cg 

IX idem ' 25,000ft, X 34 .6% c , idem cg 
X idem idem ' X 13 \ c, idem c g 

Fig. 9-9. Relationships between the parameters characterizing the short period longitu
dinal oscillation 

and with CRITICAL DAMPING the motion be

comes aperiodic ("dead-beat motion"). 

The TIME TO HALF AMPLITUDE T~ is the time 
which has elapsed when the amplitude of 
the oscillation has decreased to one half 

its initial value. 

CYCLIC DAMPING is defined as : 
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(9-30) 

RELATIVE DAMPING is the actual damping as 

a fraction of the critical damping. 
The FREQUENCY w is the angular speed in 
radians per second : w = 2n/P. Another de

finition takes the frequency as being 



f ; 1/P. 

The UNDAMPED NATU?~L FREQUENCY wn is the 

frequency of a short period oscillation in 

the absence of aerodynamic damping. 

Fig. 9-9 shows a pictorial representation 

of the relationships between the parame

ters defined above, including data on some 

high-subsonic aircraft. 

The frequency of the short period oscilla

tion should be in the right proportion to 

the maneuverability, which is often ex

pressed in the following parameters: 

and 

pgSV CL 
a 

2W (9- 31) 

increase in normal load factor "'7'----":o..;;.:::.._,;""-''-7""'-z 
increase in angle of attack 

( 9-32) 

These parameters appear to have some sig

nificance in considerations of the pilot

ing techniques involved in precise flight 

path control. 

9.3.2. Criteria for acceptable SP charac

acteristics* 

Several attempts have been made in the past 

to derive criteria which may be useful to 

designers for ensuring good SP oscillation 

characteristics. Civil requirements are 

qualitative in character, but the military 

authorities have been more specific in 

setting limits to the undamped natural fre-

*very recently, at the moment of final 

production of this chapter, a similar ap

proach has been published for military air

craft in J. of Aircraft, June 1975, en

titled: "Use of short period frequency re

quirements in horizontal tail sizing'', by 

D.J. Moorhouse and W.M. Jenkins 

quency and the damping ratio in early MIL

F-87858 requirements (Fig. 9-9). Their 

present requirements, summarized in Fig. 

9-10, may be used for civil aircraft as 

well. 

Fig. 9-10. Longitudinal short period re

quirements. adapted from MIL-F-87858 (Ref. 

9-181 

Alternatively, the criteria proposed by 

Shornber and Gertsen (Ref. 9-15), which are 

shown in Fig. 9-11, must be considered as 

an even better starting point for the pre

liminary design of civil aircraft. These 

are based on the opinions of pilots who 

had to perform specific tasks in flight 

simulators and expressed their views in 

the form of Cooper Ratings (CR). The char

acteristics are regarded as satisfactory 

within a limited region of combinations of 

La/wn and s identified by CR < 3.5. 

The linearized equations of motion for the 

longitudinal short period oscillation may 

be used to find an approximate expression 

for La/wn in terms of the damping ratio: 

L 
a 

C +C m m. 
2-~ 

C K 2 
La y 

(9-33) 

The coefficients Cffiq and Cma represent the 

aerodynamic damping in pitch due to the 

rate of pitch and change of incidence, and 
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SHORT PERIOD DAMPING RATIO ~ 

Fig. 9-11. Longitudinal 
short period oscillation 
criteria for transport 
aircraft as proposed by 
3homber and Gertsen (Ref. 
9-15) 

Ky is the inertia radius about the lateral 
axis as a fraction of the MAC. For a given 
type of aircraft ~ is a function of the 
stick-fixed maneuver margin, while Ky is 
dependent upon the mass distribution. Lines 
have been drawn in Fig. 9-11 according to 
(9-33), which show that aircraft with a 
given mass distribution at a given altitude 
approximately follow this relationship when 
their e.g. location is varied . The figure 
thus defines acceptable fore-and-aft e.g . 
limits , which may be expressed as limits 
to the stick-fixed maneuver margin : 

Kv 2 (WLn)2 xm-xcg =.!. ......_ 
2 CL 

c )Jc a a 

where 

K 2 
y 

and 

)J = c 

320 

~ 
-2 w c 

w 
pgsc 

(9-34) 

(9-35) 

Using the approximation 

C +C m m. 
~=-2.2 

La 

Fig. 9-11 may be used to find maximum and 
minimum values of La/wn' corresponding to 
the forward and aft e . g. limit for satis
factory dynamic characteristics. Generally 
speaking, flight at high altitude and high 
wing loading will determine the forward 
e.g . limit, since in this condition damp
ing is poor, while low-speed flight at low 
wei ght will determine the aft e.g. limit. 
An example of acceptable combinations of 
Sh/ S and xcg/c is shown in Fig. 9-12 . 

9.3.3 . A simple criterion for the tail
plane size 

The time to half amplitude of the SP os
cillation can be approximated by : 



Fig. 9-12. Example of acceptable combina

tions satisfying SP requirements 

4 R.n 2 (9-37) 

This relationship has been plotted in Fig. 

9-13, together with values of T~ for some 

airplanes of different classes in the 

landing configuration. The trend which 

these points seem to indicate suggests 

.. .., 

.J .4 .5 .6 .7 .8 .9 tO 20 3D 40 
SVCL 

trg--vfS!. - sec"1 

that T~ may be a useful criterion for siz

ing the horizontal tailplane. Inspection 

of (9-36) and (9-37) reveals that T~ is 

primarily determined by the term 

C +C m m. 
~ 

CL K 2 
(l y 

(9-38) 

which, in fact, represents the aerodynamic 

damping moment in relation to the polar 

moment of inertia in pitch. Fig. 9-14 is 

based on this relation and supplies a sim

ple method for estimating the horizontal 

tailplane size.* This approach also shows 

the importance of the tail moment arm. 

Analysis of the SP oscillation shows t hat an im

portant part is played by the parameter I/(R.h W) • 

From Fig. 9-15 it can be seen that the length of 

the fuselage and the engine location are deter-

*some data for estimating the horizontal 

tailplane lift gradient can be obtained 

from Section E-10.1. of Appendix E 

1. Queen Air 

2. Beaver 

3. Lear Jet 24 

4. F-27 

5 . HS-125 

6. DC-9/10 

7. oc-8/21 

8. VC-10 

9. CV-880 

10. C-141 

11. Jets tar 

12. 8707-120 

13 . DC-8/62 

14. 8727-100 

IS. DC-8/63 

16. 8727-200 

17. 8747 

18. C-SA 

19. 8737-200 

20 . HS Paris 

Note : the points indicated refer to the approach speed at sea level, at HIM 

Fig. 9-13. Time required to damp the short period motion 
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mining factors here and problems may therefore be 

encountered with the SP oscillation in a particu

lar class of high-subsonic jet transports. It is 

not always possible to solve such problems in the 

entire range of speeds, weights, and altitudes by 

good aerodynamic design. It may then become desir

able or even necessary to use equipment which sup

plies artificial stabilization (SAS, Stability 

Augmentation System). 

9.3.4. The phugoid 

The phugoid is a motion during which speed 

variations occur which generate tangential 

and normal forces at an almost constant 

angle of attack, The aircraft has a con

stant energy level and oscillates in such 

a way that an interchange takes place be

tween potential and kinetic energy. 

Although the period of the phugoid will 

generally be of such magnitude that the 

h 

pilot can still correct any instability by 

elevator deflections, a stable phugoid is 

regarded as desirable under normal condi

tions and particularly during IFR flights. 

In a preliminary design this may basically 

be achieved by: 

- taking account of power effects as far 

as possible {see Section 9.2.5.) and en

suring that the static stability remains 

positive, 

- paying due regard to the influence of 

compressibility in the case of high-sub

sonic aircraft. 

9.4. LONGITUDINAL CONTROL AT LOW SPEEDS 

For some aircraft the aft e.g. limit may 

be imposed by the condition that recovery 

must be possible from a deep stall {see 

Section 2.4.2c.). From the available lit-
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erature it can be concluded that for air
craft with T-tails and jet engines mounted 
on the rear fuselage, the tailplane size 
may be about 15% larger than the size dic
tated by stability considerations at a 
given aft e.g. location. 
The criteria given below relate to the for
ward e.g. location. It will be noted that 
on aircraft with CCV, similar limits -
based on control requirements - apply to 
the aft e.g. location, which may well form 
the critical design condition if "aero
dynamic" stability is dispensed with. 

9.4.1. Control capacity required to stall 
the aircraft 

The maximum lift coefficient must be ~b
tained with flaps fully deflected and the 
e.g. in its most forward position, while 
some reserve will have to be available for 
maneuvering. The condition of equilibrium 
in Fig. 9-16 results in: 

(9-39) 

The horizontal tail volume required follows 
from: 

(9-40) 

where 

(9-41) 

The tailplane lift coefficient, which is 

positive in the upward direction, amounts 
to: 

w 
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(9-42) 

where a and E refer to the stalling condi

tion. 

For aircraft with a fixed stabilizer the 
angle ih usually has a small negative val
ue relative to the zero-lift line incruis
ing flight, in order to obtain the trimmed 
cruise CL with zero elevator deflection. 
As far as the tailplane design is con
cerned, the value of CLh is then affected 
only by the lift gradients and the eleva
tor deflection. 
With an adjustable or controllable stabi
lizer the downloads on the tail can be in
creased considerably since values of about 
-10° are possible for ih. 

Practical applicatjon of (9-40) requires many de

tailed studies. For example, the effect of fLap de

flection on ~_ 25 and £ must be known and this is 

difficult to estimate in the preliminary design 

stage. Some data are presented in Appenaix G. Al

ternatively, the following very rough approxima

tions may be used: 

c c 
m.25 m.25 {, 

s:-=~~ 
1.5 cosA. 25 + ~S c ) 
------~--------~Lm~a~x (9-43) 

CL 
max max max 

where !J.f and tJ.8 denote the effects of flap and 

slat deflection on the coefficients to which they 

are attached .. Typical values for cm_ 25/!J.f Cluax 

are: 

- . 18 

- .26 

- . 385, 

- . 415·, 

- .445. 

- .475, 

split flap, plain flap 

single 

double 

single 

double 

triple 

slotted flap 

slotted flap, fixed hinge 

slotted Fowler flap 

slotted Fowler flap 

slotted Fowler flap 

Fig. 9-16. Longitudinal 
equilibrium at the stall: 
landing configuration 



The following figures are proposed for c~ 

- • 35 • ~ 113, fixec;l stabilizer 

- .B 

- 1.0 

, adjustable stabilizer 

controllable stabilizer. 

Fox- flh we may assume: 

.• 95 fin-mounted stabilizer 

.as , fuselage-mounted stabilizer. 

The condition of adequate control powerre

quired to reach CLmax in the landing con
figuration may be depicted in an Sh/S vs. 

xcg/c diagram; see Fig. 9-18. 

9.4.2. Control capacity required for take

off rotation and landing flareout 

It must .be possible to generate a suffi
ciently large tail load to ensure that at 

the rotation speed the aircraft will have 

an angular yelocity of eR within a limited 

period of time, e.g. one second. From Fig. 

9-17 we _may der.i ve the condition: 

Shih 
c r (::)2 Lmax m.25 

X 

sc nh nq cL ~ -
h max 

x -z :L_ T/W-xcg I+ CL 

(1- .25) 
g T R (9-44) s.-.C h 

where v51 , CLmax and Cm 25 refer to the 
takeoff flap setting and 

2 
n = xh - xg (vh) 

h 1h VR 

and 

1 + 

(9-45) 

(9-46) 

w 

As a minimum for the rotation speed we may 

take: VR = 1.05 v51 for transport aircraft; 

for light aircraft an explicit requirement 

will be found in FAR 23.51 regarding the 

minimum speed at which rotation can take 

place. 

The value for CLh follows from (9-42), 
where a and £ relate to the initiation of 

the rotation and the aircraft is trimmed 
for 1.3 v51 . When the stabilizer is ad

justable it may be possible to obtain a 

reasonably high value, such as CLh = -1.0. 

In the case of propeller aircraft, CLh and 

·nh are more difficult to determine because 

of powerplant operation, ground effect,etc. 

Various data needed for further evaluation 

of (9-44) often only >ecome available af

ter wind tunnel tests. An example of the 

resulting Sh/S-limit is shown in Fig. 9-18. 

Fig. 9-18. Tailp1ane size and e.g. limita
tions based on controllability at low 
speeds 

Fig. 9-17. Takeoff rotation 
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9.4.3. Out-of-trim conditions 

When excursions are made from the trimmed 

conditions, variations in the local flow 

conditions at the tailplane will occur, 

but these must not lead to tailplane stall. 

The critical condition here will generally 

be experienced in the landing configura

tion with the most forward e.g. location. 

Typical maneuvers to be considered are a 

level speed increase from a trimmed condi

tion at 1.2 v5 or a push-over maneuver at 

n = .5g from a trimmed condition at 1.3 v 5 , 

up to the flap-extended design speed VFE 
(Ref. 9-32). 
Taking, for example, an aircraft with a 
variable-incidence tailplane, trimmed at 

1.~.v5 , which is accelerated at n.= 1 to 

VFE' the tailplane angle of attack is ob
tained from: 

_ de) 
da (9-47) 

where 

c + (cL) (~- .25\ 
m. 25 tr c J (9-48) 

For a typical out-of-trim maneuver from 

Vtr 1.2 v5 to VFE = 1.8 v5 we find the 
f.ollowing condition for the tailplane vol

ume (variable incidence tail) : 

5h~h 

sc 
C I CL + . 7 (x /c- . 25) 

m.25 max cg 

Tl c I (ah) min+ . 39 1-dc/da I 
hLh CL CL 

a max a 
(9-49) 

where cm_ 25 is the aerodynamic pitching 

moment, tail-off, at (cL)tr The minimum val
ue of ah to be accepted depends upon the 

detail design of the stabilizer. A margin 

should be available to allow for the re

duction in the tailplane stalling angle 

due to ice formation. A typical value may 

be (ah)m'n = -.25 rad., but this can be in
creased Ey negative camber or inverse slats 

on the leading edge of the stabilizer. 

An example of limitation bf Sh/S according 
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to (9-49) is plotted in Fig. 9-18. Similar 

limitations may also be derived for other 

out-of-trim maneuvers. It will be obvious 

that a detailed study. of flow conditions 

will be required at a later stage of the 
design. 

9.5. PRELIMINARY DESIGN OF THE HORIZONTAL 

TAILPLANE 

The design of the tailplane is alwfvs an 

iterative process. It is a;ual to make an 
initial choice of certain shape parameters 

such as aspect ratio and thickness ratio, 
etc. The choice of the type of aerodynamic 

balance, whether the stabilizer will be 

fixed or adjustable, and the type of con

trol system is much more difficult, and 

more data will generally be required than 

are available to the preliminary design· 

engineer. Once these decisions have been 

taken, it may well be that previous as
sumptions regarding the tailplane shape or 

even the wing location will have to be re

vised. 

9.5.1. Tailplane shape and configuration 

a. Aspect ratio Ah. 

This factor ic of direct influence because 

of its effect on the lift-curve slope. For 

manual control systems the e.g. range sat

isfying the stick-force requirements will 

be widened, or the required tailplane size 

may be reduced. For aircraft with a fixed 

stabilizer the forward e.g. limitation re

quired to cope with the stall is favorably 

affected with increasing Ah. Equation 9-49 

for variable incidence tailplanes contains 

not only the lift 3radient, but also 

(ah)min' which decreases with an increas
ing value of ~· If out-of-trim conditions 
are the predominant factor, a high Ah is 
not always desirable. 

b. Taper ratio '-h · 
Tailplane tape.r has a slightly favorable 

influence on the aerodynamic characteris

tics. A moderate taper is usually chosen 



to save structural weight. 

c. Angle of sweep Ah. 
In the case of high-speed aircraft the 
tailplane angle of sweep, in combination 

with its thickness ratio, is chosen so 
that at the design diving Mach number 
strong shocks are not jet formed. Thesame 
procedure as applied to the wing (Section 

7.5.2b) will then result in a thinner sec

tion and/or larger Ah as compared with the 
wing. 

Positive sweepback is occasionally used on 

low-speed aircraft to increase the tail
plane moment arm and the stalling angle of 
attack, although the result is a decrease 
in the lift-curve slope. Up to about 25 
degrees of sweepback there is still an ad

vantage. The sweepback angle may be de
termined by the condition of a straight 
elevator hingeline, which is sometimes im

posed in the interest of structural sim

plicity. 

d. Airfoil shape. 

The basic requirements are that the air

foil section should have a high cia and a 
large range of usable angles of attack. 
Frequent use is made of approximately sym
metrical airfoils with a thickness ratio 
of 9 to 12 percent and a large nose radius, 
e.g. NACA 0012. Tailplane stalling - at 

the lower surface - can be postponed by 
adopting negative camber (e.g. NACA 23012 
upside down), upward nose droop, an in
crease in the nose radius or by means of a 

fixed slot. 

e. Dihedral. 

The position of the tailplane relative to 
the propeller slipstream or jet efflux may 
make it desirable to shift it slightly in 

an upward direction. This may be achieved 
by using a certain degree of dihedral. 

f. Control and trim system • 
A variable-incidence (adjustable) tail

plane has the advantages that at high-sub
sonic speeds adjustment of the tailplane 
is more effective than trimming by means 

of the elevator - which may cause shock 
waves - and that the e.g. travel can be 
extended forward. An all-flying (control

lable) tail has the additional advantage 
that it improves both maneuverability and 
control in out-of-trim conditions. A geared 
elevator, deflecting in the same direction, 
will extend the e.g. range in the forward 

direction through an increased download. 
All-flying tails on transport aircraft are 

usually power-operated. A controllable 

tailplane is sometimes used on small air

craft and frequently on gliders. An anti
balance tab is recommended in order to ob
tain acceptable control forces and control 
force stability. 

Trim tabs, balance tabs or variable-inci
dence stabilizers can be used to reduce 
the control forces to zero. Large trim 

changes may be induced by the deflection 
of effective flaps, and in some aircraft 
there is a coupling between the flap con
trols and the (trim) tab controls or the 
stabilizer incidence controls. 

g. Elevator area and deflections. 

A large elevator area - as a fraction of 
the tailplane area - promotes good con
trollability at forward e.g. locations, 

but for manual control systems the stick 
forces will increase. Similar arguments 
apply to the maximum elevator deflection. 

The danger of tailplane stall and elevator 
lock-over grows greater with increasing 

elevator chord and deflection. 

9.5.2. Design procedures 

The objective of preliminary tailplane de
sign is not only to arrive at an acceptable 

guess with regaru to shape and size but, 
in addition, to ensure a good balance be

tween the wing location in longitudinal 
direction, the e.g. range required, the 

e.g. range available and the tailplane de
sign. In view of the many parameters in
volved, various solutions may be proposed 
and the design finally selected will be the 
one which gives a small tailplane and ade

quate flexibility to suit a variety of cus-
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Fig. 9-19. Balancing the airplane 

tomer requirements and future aircraft 

growth. 
A design procedure will be suggested below. 

The basic relationships required can be 

found in this chapter, while methods for 

predicting aerodynamic characteristics are 

presented in Appendices E and G, and in the 

references. As a considerable amount of 

work is involved in the detailed procedure, 

a simple approach will be presented first. 

a. Quick method. 

It can be argued that longitudinal stabili

ty is affected primarily by Sh/S, whereas 

the volume Sh1h/(Sc) is more relevant "to 

controllability. By inspecting the data for 

328 

Limits based on loading requirements: aircraft with

out horizontal tailplane 

comparable aircraft (Table 9-2) the area 

and aspect ratio may be chosen so that 

~1 1 3sh;s and ~11 3shth/Sc both have ac
ceptable values. 

A check may be made with Fig. 9-14, which 

relates particularly to large transport 

aircraft. The tailplane lift-curve slope 

for low aspect ratios is approximately·: 

211 (9-50) 

and the moment of inertia can be obtained 

from Fig. 9-15. 
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b. Detailed procedure. 

The results of stability and control con

siderations are collected in Sh/S vs. 

xcg/c plots {Fig. 9-19a), indicating a re

gion where Sh/S may be chosen f~eely. It 

is advisable to choose the most critical 

mass {distribution) for each limit. 

For aircraft with REVERSIBLE CONTROLS the flying 

speeds are generally not very high and compressi

bility effects need not always be .taken ~nto ac-

count. 

1. Calculate the lift gradient (cLa)A-h and the 

aerodynamic center xac for the aircraft without 

horizontal tailplane. 

2. Determine dE/da and the tailplane lift-curve 

slope and calculate CLn and x0 as a functicn of 

5h/S, using (9-5) and (9-6). 

3. Choose a value for chQ - using, for example, 

Figs. 9-5 and 9-5 - and a (low) value for cha. 

4. Calculate the stick-free lift-curve slopes of 

the tailplane and the aircraft, and the stick-free 

neutral point with (9-9) through (9-11). 

5. Choose a value for G and calculate the forward 

and aft c. g. limits determined by control force 

stability requirements, using (9-14) through (9-16). 

6. Determine the stick-free maneuver points atthe 

maximum cruising altitude and at sea level with 

(9-21) and (9-22). 

7. Calculate the forward and aft c. g. limits im

posed by the maximum and minimum stick force per g 

reqdirements, respectively, using (9-24) and 

Table 9-1. 

8. Use (9-40) through (9-43) to estimate Sh/5 vs. 

the c. g. position which permits CL -max to be ob

tained with flaps in the landing position. 

9. Limits for 5h/S vs. xcg/c may also be derived 

from (9-44) through (9-46) and from (9-49), pro

vided sufficient data are available. 

10. If it is found that any of the conditions in 

relation to the control forces unduly restricts 

the forward e.g. limit, the value of C1t<5 should be 

revised. 

Aircraft flying at high-subsonic speeds or large, 

high-speed propeller aircraft often have IRREVERS

IBLE CONTROLS. Sub-critical compressibility ef

fects on the aerodynamic properties should be 

taken into account as far as possible. 

330 

1. and 2. These steps in the procedure are the 

same as ~ose above, but all coefficients are cal

culated for high-speed, high-altitude cruising as 

well as for low speeds. Typical angles of attack 

are about 10 degrees without slats and 15 degrees 

with slats extended. 

3. In the case of jet aircraft determine the shift 

of the neutral point resulting from engine action, 

using (9-29) for engines placed below the e.g. For 

propeller aircraft a similar forward shift is ob

tained from (9-27) and (9-5). 

4. Locate the aft e.g. limit about .015 ih ahead 

of the stick-fixed neutral point with engines op

erating at low speeds and high power. 

5. Calculate the stick-fixed maneuver points at 

the maximum cruising altitude and at sea level. 

6. Determine Iy at the maximum takeoff weight, 

using Fig. 9-15. Provided the angle of sweep is 

not excessive, the influence of the fuel can be 

ignored. 

7. Calculate (~ + Cmal I (CLa Ky 2 ) with (9-36) and 

enter this value in Fig. 9-11 (in the example 3.0). 

The maximum and minimum values of La/W0 for sat

isfactory SP characteristics are then read off. 

B. The minimum and maximum stick-fixed maneuver 

margins are calculated with (9-34) and subtracted 

from the xm values to obtain aft and forward e.g. 

limits for each condition. 

9. and 10. These steps are identical to steps 8 

and 9 for aircraft with reversible controls. 

In the case of aircraft with a T-tail and engines 

pod-mounted on the rear fuselage, the tailplane 

area for the aft e.g. limit is increased by, say, 

15 percent to allow for the deep stall case. 

The most critical requirements for Sh/S are now 

selected and plotted in a diagram (Fig. 9-19a) 

which defines the "aerodynamic" limits to the e.g. 

range. This diagram must be balanced with the e.g. 

range required to obtain good loading flexibility 

(Section 8.5.2.). The following graphical solu

tion is suggested. 

1. In a diagram (Fig. 9-19b) on transparent paper 

the e.g. range of the aircraft without horizontal 

tailpla"ne is represented as a function of the po

sition of the wing in the longitudinal direction. 

2. The magnitude of the e.g. shift as a result of 

the tailplane weight variation with Sh/S is in

dicated in the Sh/5 vs. xcg/.c diagram (Fig. 9-19b): 



~ xcg = Shih specific tailplane weight 
wing loading 

(9-51) 
c Sc 

3. Fig. 9-19b is now placed over Fig. 9-19a in 

such a way that the X axes are parallel. The air

craft will be balanced (Fig. 9-19c) when the fol

lowing points of intersection occur at an identical 

value of Sh/S: 

- the point of intersection between the acceptable 

and desired aft positions of the e.g., 

- the point of intersection between the acceptable 

and desired forward positions of the e.g., and 

- the point of intersection of the vertical axis 

in Fig. 9-19b and the line given by (9-51) in Fig. 

9-19a. 

4. The optimum values for Sh/S and the balanced 

location of the wing may now be read off (Fig. 

9-19c). 

If it proves difficult or impossible to obtain a 

satisfactory balance, the following modifications 

may be considered: 

1. altering the design of the tailplane: 

2. changing the position of the tailplane, for ex

ample by increasing ih, if necessary by extending 

the length of the fuselage: 

3. changing the mass distribution, particularly 

that of the fixed equipment-fixed ballast is to 

be avoided - or altering the arrangement of the 

fuselage interior (see also Section 8.5.2.); 

4. limiting the c. g. range by imposing loading re

strictions. 

If none of these measures yields a satisfactory 

solution, a complete revision of the general ar

rangement may be required. In this case it may be 

foWld that an alternative disposition of the p6wer

plant is Wlavoidable. 

9.6. DESIGN OF THE VERTICAL TAILPLANE 

The design of the vertical tailplane is 

more complicated than that of the horizon
tal tailplane. It is generally quite dif

ficult to calculate the lateral-direction

al aerodynamic characteristics, since they 

are closely connected with a complicated 

asymmetrical flow field behind the wing/ 

fuselage combination, which meets the on

coming air at an angle of sideslip. 
// 

The following broad design criteria are 

relevant in this respect: 

a. The vertical tailplane must not stall 

as a result of an oscillation after de

flection of the rudder or a sudden engine 

failure. 
b. After failure of the critical engine, 

multi-engined aircraft must remain control

lable to ensure steady flight. 

c. It should be possible to land transport 

aircraft in crosswinds of up to 30 knots 

(55 km/h). 
d. The aircraft must possess positive di

rectional and lateral static stability and 

the short-period lateral/directional os

cillation (Dutch roll) must be welldamped. 

Some degree of spiral instability will be 

acceptable for aircraft fitted with an 

automatic pilot. 

The effectiveness of the vertical tailplane 

is difficult to calculate as a result of 

the large variety in shapes. The NACA has 
recommended certain definitions which lead 
to reasonable solutions (Fig. 9-20). For 

~. 
-~~ 

Sy:sh~ded area 

Av,~ 
Sv 

ft. =location of horizon
ta1 stabilizer 

Fig. 9-20. Aerodynamic definitions of ver

tical tailplane area and aspect ratio 
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comparison purposes it should be pointed 

out that the R.Ae.S. Data Sheets use an

other definition, while some manufacturers 

base the area on structural considerations. 

Attention is drawn to the special case of 

a T-tail (Fig. 2-26), where the aerodynam

ic aspect ratio is considerably larger 

than the geometric. 

9.6. 1. Control after engine failure: multi

engine aircraft 

Official requirements can be found in FAR 

23.149 and 25.149, BCAR Sections K and D, 

Ch. 02-8 Paragraph 4. 

Engine failure must be investigated for 

multi-engine aircraft in all configura

tions in a specified range of speeds, 

while, in addition, failure of two engines 

in the en route configuration must be 

catered for in the case of a four-engine 

aircraft. 

Since engine failure generally causes a 

disturbing yawing moment and - although 

to a lesser degree - also a rolling moment, 

deflections of both the rudder and the 

ailerons will be required. When the dead 

engine is fitted to the wing, this case 

will largely determine the size of the 

vertical tailplane and the rudder capacity. 

It may sometimes also affect the design of 

the ailerons. 

a. Transient behavior. 

The pilot will experience a yawing oscil

lation which will be more violent at low 

flying speeds (Refs. 9-49 and 9-50). The 

minimum control speed VMC is the lowest 

speed at which control can be established 

during the takeoff run - by aerodynamic 

means - VMCG• or in flight VMCA• with an 
angle of bank of not more than five de

grees. The angle of sideslip involved im

mediately after the failure must not stall 

the fin, since that would prevent equilib

rium from being re-established. Transient 

sideslip angles may peak to a value of 1.6 

times the angle in steady flight, and an

gles of up to 20 to 25 degrees are no ex

ception with wing-mounted engines. This 
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"overshoot" may be restricted by such 

measures as: 

- The use of a yaw damper (see Section 

7. 7.1.) which superimposes rudder deflec

tions on those initiated by the pilot. 

- The use of a pneumatic system which de

rives a control signal from the pressure 

differential in the compressors of corre

sponding engines (Hawker Siddeley 125). 

The following measures will reduce the 

likelihood of vertical tailplane stall: 

1. The choice of a moderate aspect ratio -

such as Av < 1.8 and a fairly large fin. 

2. The use of a swept-back leading edge. 

3. The addition of a dorsal fin (Fig. 

9-20) , which does not contribute material

ly to the directional stability at small 

angles of sideslip, but will postpone the 

stall on the lower part of the fin at 

large angles. 

b. Steady flight after engine failure. 

A good starting point for sizing the ver

tical tailplane and rudder for aircraft 

with an outboard engine is formed by the 

condition of equilibrium which must be es

tablished some time from the engine loss. 

We have to consider the following forces 

and moments in sideslipping flight with 

one engine inoperative (Fig. 9-21): 

1. Contribution of the asymmetry in the 

thrust (6Te) at a distance ye from the 

plane of symmetry. Provided the aircraft 
is fitted with an automatic feathering 

system, the drag of the dead engine (and 

propeller) can be ignored and the disturb

ing yawing moment will be: 

(9-52) 

2. Side force and yawing moment on the 

aircraft without the vertical tailplane 

(subscript A-v) : 

YA-v 
oYA-v 
_a_s_ (9-53) 

NA-v = 
aNA-v 

s _a_s_ (9-54) 

3. Contribution of the aircraft weight: 

W sin<j>= L tan<j>"' L<P for 4>' 5° (9-55) 



!lv 
! 

i 

~-_j· 

where the difference between the angles of 
bank and roll has been ignored. 
4. Side force and yawing moment due to the 

vertical tailplane: 

ay 

w 

aYV v a dr aav v + a6"" (9-56) 
r 

-Y ~ v. v (9-57) 

where: 

(9-58) 

The yawing moment due to aileron deflec

tion has been neglected. Since the posi

tion of the airplane e.g. has little in

fluence during flight with engine failure, 

~v is taken relative to the mean quarter 

chord point. In the case of a propeller 
aircraft, as depicted in Fig. 9-21, the 

sidewash angle crv will have a negative 

sign, with the result that the effect of 

the yawing moment due to engine failure 

will in fact be increased, particularly 

in the case of a high-wing aircraft (Ref. 
9-54). 

The simplest expression for the equilibri
um condition is obtained by eliminating~. 

After introduction of the usual nondimen

sional coefficients (see the Nomenclature) 

and some algebraic manipulations, we find 

the following condition for the vertical 

tailplane area required: 

where 

Fig. 9-21. Flight on asyll\-, 

metric power 

(9-59) 

(9-60) 

The numerator represents - in nondimension

al form - the yawing moments due to engine 

failure and sideslip on the aircraft, less 

vertical tailplane. The first term of the 

denominator is the change in zero-lift an

gle of the tailplane caused by rudder de

flection, and the bracketed term defines 
the direction of the local airflow, which 
is dependent on the direction of rotation 

of the revolving propeller(s). If the op

erating propeller(s) revolve(s) clockwise 

- viewed from behind the aircraft - the 

critical engine will be the outboard port 

engine. This asymmetry is not present on 

jet aircraft. 

Fig. 9-22 shows that a negative sideslip 

angle makes it possible to use a smaller 
tailplane as compared with a = 0. However, 
the condition imposed by the angle of bank 

of five degrees limits the usable sideslip 

angle, and for ATe ye CL/(W~v) > .15 (ap
proximately) this limit will considerably 

increase the control capacity required. If 
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Fig. 9-22. Effect of sideslip on vertical 

tailplane area required to cope with en
gine failure 

this criterion is exceeded to any great 

extent, a method of reducing the yawing 
moment will have to be found. The possi

bility of interconnecting the propeller 

shafts (Br~guet 941) and/or adopting an 

unconventional method of directional con

trol - such as cyclic pitch of the propel

lers, control by means of air jets or a 

propeller at the tail (as in helicopters) -

will have to be investigated in this case. 

Practical application of (9-59) is hampered by the 

difficulty that a v cannot be predicted with any ac

curacy for propeller aircraft. In addition, a com

bination of W and CL has to be substituted, which 

means, in effect, that a choice of VMC must be made. 

The statistics in Fig. 9-23 and Table 9-3 are in

tended to replace a detailed study by a rapid esti

mation of the vertical tail area required, or rath

er the tailplane area on which the rudder is fitted. 

Large tailplanes can be avoided in the following-

ways: 

1. Ensuring that the critical engine is not located 

further outboard than is strictly necessary. Anoth

er way of reducing ye is to adjust the angle of the 

jet efflux (see Fig. 6-18). 

2. Choosing a favorable location for the vertical 

tailplane, or possibly by using twin tails. 

3. Employing a special rudder design, e.g. one con

sisting of two segments {double-hinged or varicam 

rudder, see the De Havilland Canada DHC-7 and the 

DC-10) or a rudder provided with guide vanes 

(Fokker P 30 I STOL project) • 

4. Choosing an aspect ratio which is not too low • 

A T-tail will increase the effective aspect ratio, 

but for structural reasons the geometric aspect 

ratio will generally not exceed 1. 2 . 

5. Increasing the tail moment arm (longer fuselage, 

swept-back fin) • 

An approximate limit would be a rudder chord of 30 

to 35 percent of the tail plane chord with a maximum 

rudder deflection of 25 to 30 degrees. In the case 
of manual control the rudder deflection may be lim

ited by the requirement that the pressure on the 

rudder pedals should not exceed 180 lb (81.6 kg) . 

In connection with Fig. 9-23 it should be noted that 

the choice of Sv may have been decided by other cri

teria in the case of several aircraft. In the ab

sence of relevant data, the rudder deflection of 

some aircraft has been assumed at 25 degrees. These 

factors may explain the fairly wide disparities in 

the lower limit values for a number of types. 

c. Drag caused by an inoperative engine. 

A detailed account of this drag increment 

is given in Appendix G, Section G-8. Only 

one contribution will be mentioned here: 
the vortex-induced drag resulting from 
the side force on the vertical tailplane, 

which may be expressed as a fraction of the 

total vortex-induced drag: 

(9-61) 

This expression shows that 6CD is propor

tional to (ye/iv bv) 2 , which proves that 

the recommendations set out above deserve 

special attention. 

9.6.2. Lateral stability 

a. Directional stability. 

Every aircraft must possess positive stick
fixed and stick-free directional stability 
in normal operational conditions, for all 

aircraft configurations. The following ap

plies to the stick-fixed directional sta

bility, which may be used as a preliminary 

design tool: 
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e = (e ) +n 
nS nS A-h v 

(9-62) 

where nv is defined by (9-60) . The contri
bution of engine nacelles to the direc
tional stability is generally small and 
may be ignored. The same applies to the 
wing contribution, provided the sweep an

gle is not too large. Wing/fuselage inter-

ference is manifest both in (en ) and 
S A-h 

av; these effects will be combined in a 

single coefficient 6iens' which is mainly 
dependent on the location of the wing in 
relation to the fuselage in Z-direction . 
The vertical tail volume required to ob

tain a specified ens is obtained from: 

e -
(en sf 

+ e + 6. e ) 
s ~ ns ns ~ ns 

v v 
(9-63) Sb= 

e (Vv/V) 2 
Yv 

a 

The degree of directional stability cannot 
be deduced in a straightforward manner 
from existing requirements. A minimum val

ue of Cns = .03 is sometimes recommended, 

but this is generally inadequate for en
suring a well-damped Dutch roll. In the 
case of single-engine subsonic aircraft 

ens is often found to lie between .04 and 
.10, while for transport aircraft values 
generally range from .10 to .25. For air

craft with swept wings ens is a function 

of eL' while a part is also played by de
flection of the flaps. 

An estimate of the tail volume required 

may be made with the help of Fig. 9-24, 
which applies to aircraft with engines ei
ther mounted close to or buried in the 
fuselage. Aircraft with wing-mounted en
gines are not mentioned here, since flight 
with engine failure will mostly be the de
ciding case. 

The following aerodynamic data* have been used to 

derive the contributions to Cn/3 in Fig. 9-24: 

*derived from Ref. 9-1. 

I JET TRANSPORTS I 
.08 

.06 

.04 

o-- --o DEVELOPMENT 

"02oL..L.:.._-".0-2---. .L04----.0L6----:.0c:8---~.10:---_.::12:--_~.14 
Cn + Cn 

~~ ~, 

S)v.10 

Sb 

.08 

0 JET TRAINERS AND FIGHTERS /O 
• SINGLE ENGINE PROPELLER 0 

AIRCRAFT f 

008 0 
. 06~~ 

.04 • • • 0 

"02 oL-----.o-,---. .L04----.0L6---""".occ8---.L.,o----.1'::,---~.,. 
Cn + Cn + Cn 

~~ ~; ~p 

Fig. 9-24. Rapid estimation of vertical 
tail volume for aircraft with fuselage
mounted engines 

(9-64) 

(9-65) 

The various dimensions are defined in Fig. 9-25 

Fig. 9-25. Fuselage geometry in relation to 
the yawing moment due to sideslip. 
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(9-66) 

where tp is the distance from the (tractor) propel

ler plane to the e.g., while Bp and Dp denote the 

number of blades per propeller and the propeller 

diameter, respectively. The summation is carried 

out for all operating propellers. 

Finally we have approximately: 

6.c -.017, high wing 
' ns 

+.012, mid wing (9-67) 

+.024, low wing 

If the design provides for twin vertical tailplanes 

mounted ~n the horizontal stabilizer, use ~iCna 

b. Lateral dynamic stability. 

This subject is generally not included in 

the preliminary design process because of 
a lack of data and the absence of quanti
tative design criteria. Some design objec
tives are laid down in Ref. 9-13 with re
spect to the damping of the Dutch roll os
cillation and the amount of spiral stabil
ity required. It ·should be noted that the 
dihedral of the wing has a great influence 
on lateral stability, and since this pa
rameter can be varied without greatly af
fecting the general arrangement, some meas
ure of freedom is available to the design

er, even at a later stage of the project. 
As explained in Section 7.7.1. most high
speed aircraft with swept wings are e
quipped with a yaw damper to obtain an ad
equately damped Dutch roll mode. 

9.6.3. Crosswind landings 

In order to ensure regularity in air trans
port operations, landings may have to be 
carried out at crosswind velocities of up 

to, say, 30 knots (15.5 m/s). The associ
ated angle of sideslip to be dealt with 
will be of the order of 12 to 15 degrees 
for conventional transport, but may rise 
to 20 degrees for STOL aircraft. Equation 
(9-59) may be used to find a lower limit 

to the vertical tail size by taking llTe = 0: 
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(9-68) 

where Tv takes account of the nonlinearity 
in the Cyv vs. 8r curve when the rudder 
deflection is large. Although this criter

ion looks quite simple, a detailed know
ledge of the various factors is required 
to make it usable, since small variations 

in the terms in the denominator have a 
great effect on the result. Accurate wind
tunnel data are therefore required. 
Ensuring control ove~ the airplane on a 
wet runway in a crosswind is another im
portant design problem. It should be noted 
that the operation of thrust reversers may 
have an adverse effect. 

9.6.4. The spin 

Aircraft to be certified in the Aerobatic 
Category and some types in the Utility 
Category must have safe spinning charac

teristics. 

The loading of the airplane, which deter
mines the inertial moments about the three 
axes, dictates what controls have to be 
used for recovery from a spin. Particular
ly in the case of light aircraft, the rud
der is usually the most effective control 

since it provides the yawing moment re
quired to oppose the spin rotation. Addi
tional elevator deflection may be required 
to apply an antispin yawing moment on air
craft where the mass is heavily concen
trated in the wing (engines, fuel, tip 
tanks). 

The shielding effect of the horizontal tail 
is responsible for a dead air region over 
much of the vertical tail (see Fig. 2-27). 
As a rule, it can be said that at least 
one-third of the rudder area should remain 
outside this wake, assuming that for an 
angle of attack of 45 degrees the forward 

and aft boundaries of the wake form an an
gle of 60 and 30 degrees respectively with 
the horizontal tail. In addition, there 

should be a substantial amount of fixed 



area beneath the horizontal tail to pro
vide damping of the spinning motion. 

More accurate design criteria have been 

developed by the NACA; these involve the 

polar moments of inertia about the longi
tudinal and lateral axes. A detailed ac

count of this is given in the references 
on airplane spinning. Spin recovery char

acteristics can also be affected to a large 

extent by antispin fillets and dorsal fins 

(Ref. 9-56). 

9.6.5. Preliminary design of the vertical 

tailplane 

a. Aspect ratio Av. 

The aspect ratio, which is defined in Fig. 

9-20, has a direct effect on the tailplane 

contribution to Cna• which is approximate
ly proportional to Av 1/ 3 . A high aspect 

ratio tailplane is effective at small an

gles of sideslip, but it has a small stall

ing angle of attack. A low Av is required 

with a high-mounted horizontal tailplane 
to provide adequate rigidity of the fin 

without an excessive weight penalty. 

b. Taper ratio Av· 

The tailplane contribution to lateral sta

bility is only slightly affected by taper, 

which is applied mainly to reduce weight 

and/or increase the rigidity of the fin. 
Little taper is possible on T-tails. 

c. Angle of sweep Av· 

Design considerations are similar to those 

for the horizontal tailplane (Section 

9. 5. lc) but in addition it should be noted 

that in the case of a fin-mounted horizon

tal tailplane the moment arm of both tail

planes is increased. Most designers of pri

vate aircraft seem to prefer using a swept 
vertical tailplane in order to please 

their customers. 

d. Airfoil section. 

The usual sections for a vertical tailplane 

are symmetrical, have thickness ratios of 

about 12 percent and a relatively large 

nose radius to permit a large range of an
gles of attack. 

e. Design procedures. 
A simple approach is to choose the tail

plane volume Sviv/(Sb) by comparing design 
data of aircraft with a similar general 

layout in the same airworthiness category 

(Table 9-3) . The location of the engines 

(wing- or fuselage-mounted), the wing (low, 

high or mid-wing) , and the vertical posi

tion of the horizontal stabilizer are de

cisive factors. The process is iterative, 

in view of the fact that the moment arm iv 

cannot be determined accurately before the 

layout of the tailplane has been chosen. A 

more detailed procedure may be started if 

the designer is prepared to make assump
tions regarding the (relative) rudder area 
and maximum deflection. 

For multi-engine aircraft with wing-mounted 

engines a lower limit for Sv' can be de
rived from Fig. 9-23. A subsequent check 

should be made to ascertain that the vol

ume is not less than the value dictated by 

Fig. 9-24~ If sufficient data are avail

able, the crosswind criterion given by 

(9-68) should also be checked. 

For aircraft with engines mounted on or 

buried inside the fuselage Fig. 9-24* can 

be used. to estimate the volume parameter, 

and the crosswind criterion given by (9-68) 

may be checked as soon as the required 

aerodynamic data are available. 

Light aircraft, which must demonstrate good 

spinning characteristics, should satisfy 

the criteria laid down in Section 9.6.4. 

It is advisable to apply the NACA criteria 
summarized in Refs. 9-57 and 9-58. 

*The various contributions to CnS are 
given by (9-64) through (9-67). 
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Chapter 10. The undercarriage layout 

SUMMARY 

The basic requirements for the design of an undercarriage are that it must be capable of 
absorbing a certain amount of energy, both vertically and horizontally, and that during 
taxying, liftoff and touchdown no other part of the aircraft will touch the ground. No 
instabilities must occur, particularly during maximum braking effort, crosswind landings 
and high-speed taxying. In addition, the undercarriage characteristics must be adapted 
to the load-carrying capacity of the airfields from which the aircraft is intended to 
operate. This chapter indicates how these requirements can be translated into an accept
able initial choice of the undercarriage layout, without going into the details of its 
structural design. 
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NOMENCLATURE 

A aspect ratio of wing 

ax - deceleration during braking 

b - wing span 

CBR - California Bearing Ratio 

CL lift coefficient 

:La - lift-curve gradient (CLa=dCL/daf) 
c - mean aerodynamic chord 

e.g. - center of gravity 

D diameter; distance between tire 

imprints; drag 

E kinetic energy 

ESWL Equivalent Single Wheel Load 

e - deflection 

g - acceleration due to gravity 

h - height above ground plane 

ksg - gear stiffness ratio 

L - radius of relative stiffness; lift 

LCN - Load Classification Number 

Lw - static load on a wheel 

l - length 

Ns number of shock struts per main 

u.c. 

nx,ny - load factors in longitudinal and 

lateral direction, respectively 

P - load on an undercarriage leg 
p - inflation pressure; fraction of CL 

from CLmax 
r - radius of loci of force intersec-

tion with ground plane 

s8 wheel base of a (dual) tandem u.c. 

s0 - center distance between two most 

widely spaced contact areas 

ST - spacing of two dual wheels 

s - stroke of shock absorber 

st - maximum tire deflection 

T - thrust 

t track of main u.c.; time 

10.1. INTRODUCTION 

Although the dimensions of the undercar

riage are modest as compared to those of 

the wing or fuselage, it must not be re

garded merely as an accessory, particular

ly since its function is much more that of 

an integral part of the structure. Its 
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UCI - Unit Construction Index 

u.c. - undercarriage (assembly) 

v velocity 

w weight 
w velocity of descent 

x,y,z - dimensions of an u.c. leg 

r 

coordinate of e.g., measured in per

cent of c 
- angle of attack relative to fuse

lage reference line 

angle defining main wheel location 

of a tail wheel u.c. 

angle defining position of wing 

tip in front view 

- thickness of runway construction 

- deflection angle of wing flap 

efficiency of energy absorption 

angle of pitch 

angle of sweep 

reaction factor 

- overturning angle 

angle of roll 
friction coefficient 

Subscripts 

cg - center of gravity 

crit - critical (stalling) 

cr - cruising 

g (landing) gear 

LOF - liftoff 

m - main u.c. 

n - nose u.c. 

s - shock absorber; static 

TD - touchdown 

t - tire 

to takeoff 

uc - undercarriage 

w wheel 

.25 - quarter-chord line 

weight constitutes some 3 to 5% of the 

Maximum Takeoff Weight, which is equivalent 

to about one-third to half the structural 

weight of the wing. 

The maintenance costs associated with the 

undercarriage, such as the inspection and 

replacement of tires and brakes, represent 

a considerable item in the total mainte-



nance bill. This is particularly hard to 
accept because the undercarriaqe contrib

utes virtually nothinq to the flyinq and 

econ9mic capabilities of the aircraft, so 
it is not surprisinq that many - unsuccess
ful - attempts have been made to eliminate 
it, such as takeoff carts, skid landinq 

qear, aircushions and the lik.e. At present 
it is unlikely that there will be a break

throuqh in this direction. In the basic 

desiqn costs may be reduced by aiminq at 

simplicity and compactness, such as a 
simple retraction system , devoid of compli

cated kinematics and duplication of re
tractinq jacks. It is not the job of the 
preliminary aircraft desiqn enqineer to 
investiqate the details of the undercar

riaqe, nor will he desiqn the details of 
the hydraulic equipment and air condition

inq system. Unlike this equipment, which 
can be stowed in irreqularly shaped and 

widely dispersed volumes, the relationship 
between the wheels, the points of attach
ment of the qear to the airframe and the 
principle of the kinematics of retraction 
must be carefully tailored to the general 

arranqement and layout of the aircraft. 
The followinq functional requirements have 
a bearinq on undercarriaqe layout in the 

preliminary desiqn phase: 
1. Durinq the phases of takeoff rotation 

and liftoff and landinq flare-out and touch
down, only t?e wheels should be in contact 
with the qround. There should be adequate 
clearance between the runway and all other 
parts of the aircraft, such as the rear 
fuselage, the winqtips and the tips of pro

pellers or engine pods. 
2. The inflation pressure of the tires and 

the confiquration of the landinq gear 
should be chosen ir. accordance with the 
bearinq capacity of the airfields from 
which the aircraft is desiqned to operate. 
3. The landinq gear should be able to ab

sorb the normal landinq impact loads and 
possess good dampinq characteristics. When 

taxying over rouqh qround no excessive 
shocks should be transmitted by the landinq 

gear. 
4. Braking should be efficient, the maximum 

brakinq force allowed by the condition df 
the runway beinq the limitinq factor. 

Durinq crosswind landinqs and hiqh-speed 
taxyinq there should be n~ tendency to 
instabilities such as cantinq of the air
craft or qroundloopinq. 
5. Suitable structural elements should be 
provided in the aircraft to serve as at
tachment points for the landinq qear, and 

there should be sufficient internal space 

for retraction. 

In Section 2.5., which deals with the gen
eral arranqement of the undercarriaqe, the 

choice between nosewheel (tricycle), tail
wheel or tandem (bicycle) landing gear has 

been discussed. The qeneral conclusion is 
that the tricycle qear has superseded the 

tailwheel type almost completely, mainly 

for reasons of improved stability on the 
.qround, brakinq and steering. On specialized 
desiqns, however, there may be indications 
that a tailwheel or a bicycle undercarriaqe 

will be the best choice. 
The information presented in this chapter 
is mainly a summary of data from References 
10-1 throuqh 10-4. For more detailed con
siderations with reqard to the structural 

desiqn of landinq qear, the reader should 
consult Ref. 10-1, which is a standard 

textbook on landinq qear. 

10.2. TAILORING THE UNDERCARRIAGE TO THE 
BEARING CAPACITY OF AIRFIELDS 

10.2.1. Runway classification 

For liqht aircraft operating from qrass or 

unsurfaced runways, the tire inflation 

pressure is qenerally limited to some 60 
lb/sq.in. (4 kq/cm2> for qrass, as indi
cated in Table 10-1. When the load per tire 
exceeds approximately 10, .. 000 lb (4,500 kg), 

and the tire pressure is more than about 60 

lb/sq.in., consideration must be qiven to 
the limited bearing capacity of runways. 

The stresses in the runway or the possibil
ity of damaqe caused by the undercarriage, 
are dependent upon the undercarriage con-
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Maximum tire pressure 
TYPE OF LANDING SURFACE 

2 
kg/em lb/sq.in. 

tarae, properly maintained 
8.5 - 14 120 - 200 airports (concrete runway) 

Small tarmac runway, good 
5 - 6.3 70 - 90 foundation 

Small tarmac runway, poor 
3. 5 - 5 so - 70 foundation 

Hard grass, depending on 
3.2 - 4. 2 45 - 60 soil 

Wet, boggy grass 2.1 - 3.2 30 - 45 

Hard desert sand 2.8 - 4. 2 40 - 60 

Soft, loose desert sand 1.8 - 2. 5 25 - 35 

Table 10-1. Tire pressure recommendations 

(Ref. 10-1) 

figuration and the type of runway struc

ture. Two classes of runway are generally 

distinguished: 

a. Runways with rigid pavement, consisting 

of discrete slabs of concrete, laid on a 

relatively soft subsoil. Failure occurs by 
fracture across the corner, especially 

when the subsoil is biid, e.g. clay. A sandy 

subsoil provides a good foundation. 

b. Runways with a flexible pavement, con

sisting of a relatively thick layer of 

asphalt or tarmacadam on a base of gravel 

or sand, often with an intermediate layer 

of crushed stone. The total thickness is 

about twice that of a rigid pavement. Fail

ure occurs because of local indentation. 

Apart from these airfields, which are most commonly 

used in civil aviation, airfields with a simply 

prepared surface of, for example, fine gravel are 

becoming increasingly important for aircraft de

signed for operation in less accessible regions 

(Ref. 10-2). 

In order to avoid damage to runways air
fields have been classified according to 

various characteristic parameters: 

CBR: California Bearing Ratio 

UCI: Unit Construction Index 

RLI: Runway Loading Index 

LCN: Load Classification Number 

On some airfields the bearing capacity of 

the runways is simply given as the maximum 

allowable gross weight of the aircraft. 

The CBR index gives us the bearing capacity 
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of the runway, expressed as a percentage 

of the bearing capacity of a surface con

sistipg of a hard type of stone. This in

dex, which is fully explained in Ref. 10-2, 

is used to characterize the substructure of 

runways with a flexible pavement. Airfields 

without a hard upper layer are also classi

fied according to the CBR index. 

The UCI is an index used in the United 

States and shows affinity to the LCN, which 

will be discussed later. A method of de

termining the UCI graphically is given in 

Ref. 10-2. The RLI also shows some affinity 

to the LCN, but will not be discussed here. 

The LCN rating method has been introduced 

by the ICAO on the basis of much theoreti

cal and experimental work, and is now wide

ly accepted in many countries. Permissible 
values of the LCN have been assigned to 

all major runways, and aircraft have to be 

designed in such a way that the undercar

riage will not exceed the lowest LCN value 

of the airfields from which the aircraft is 

likely to operate. Typical values of LCN 

for various aircraft categories are given 

in Table 10-2. 

TIRE 

AIRCRAFT TYPE MTOW 
PRESS. LCN 

(LB) 
(PSI) 

Fokker F-27 Mk 500 45,000 80 19 

Fokker F-28 Mk 2000 65,000 100 27 

McDonnell D. DC-9/10 90,700 129 39 

Boeing 707/320 300,000 135 58 

McDonnell D. DC-10/10 410,000 175 88 

Table 10-2. Load Classification Number of 

several airliners - main landing gear 

A large number of tests on both rigid and 

flexible pavements have shown that the 

bearing capacity of a runway is dependent 

upon the wheel load and the inflation 

pressure of the tire(s). The relationship 

is reproduced in Fig. 10-1, which can be 

used directly for single wheels to find the 

limiting values of the wheel load forgiven 

values of the inflation pressure and LCN. 

For multiwheel undercarriages the concept 
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NOTE 

The data given in the ICAO Aero-

drome Manual (Ref. 10-3) are 

slightly different 
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Fig. 10-1. Load Classifica

tion Number for various 
combinations of tire pres

sure and wheel load (Ref. 

10-6) 

of the ESWL, as explained in the following 

section, can be employed in using this di

agram. 

10.2.2. The Equivalent Single Wheel Load 

(ESWL) 

The ESWL of a group of two or more wheels 

which are relatively close together, is e

qual to the load on an isolated wheel, 

having the same inflation pressure, and 

causing the same stresses in the runway 

material as those due to the group of 

wheels. This equivalent wheel load accounts 

for the fact that a given loading, spread 

over a number of contact areas, causes low

er stresses in the runway material than 

would be the case when the same load is 

concentrated on a single wheel. Typical 

reduction factors - i.e. the actual static 

load on the leg divided by the ESWL - are 

4/3 for dual wheel layouts and 2 for twin 

tandem (bogie) layouts (Ref. 10-4). 

Various methods have been developed for 

calculating the ESWL, depending on the me

chanical characteristics of the runway and 
the undercarriage layout. The methods des

cribed below for rigid and flexible pave

ments and a method for graval runways can be 
found in Refs. 10-3 and 10-4. 

a. Rigid pavements. 

Runway characteristics are generally re

presented by the radius of relative stiff

ness L of the concrete. In the absence of 

more adequate information the following 

approximation may be used: 

L = constant x 6 314 (10-1) 

where 6 denotes the thickness of the run

way construction. The constant takes ac

count of the stiffness of the substructure; 

typical values are: 

constant = 8.0 when L and 6 are in inches, 
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CONTACT AREA = TOTAL CONTACT AREA OF ALL WHEELS 
OF ONE UNDERCARRIAGE ASSEMBLY 
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GLE WHEEL LOAD - REDUCTION FACTOR 

Fig . 10-2. Equivalent Single Wheel Load 

assessment curves - rigid pavements - dual 

wheel undercarria ges (Ref . 10-3) 
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346 



or 10.1 when Land 6 are in em, for a bad, 

soft substructure; 

constant= 6.1 when Land 6 are in inches, 

or 7.7 when Land 6 are in em, for a good, 

hard substructure. 

When the thickness of the rigid pavement is 

not specified, L is usually assumed equal 

to 45 in. (115 em), which is equivalent to 

6 = 10 in. (25 em) on a bad substructure. 

These assumptions will keep the designer 

on the conservative side. In the case of 

large aircraft the method may lead to ex

cessive requirements where the undercar

riage assembly is concerned, and more pre

cise data should be collected in this case. 

Using the calculated or chosen value for L 

and the geometrical data of the landing 

gear, the ESWL may now be calculated on the 

basis of Fig. 10-2 or 10-3. Strictly speak

ing the ESWL of the nosewheel leg should 

also be determined, but this is seldom a 

critical case. For dual tandem assemblies 

with a pair of wheels at each end of the 

axle, each pair of wheels is replaced by 

one equivalent wheel with the same ESWL as 

the pair of wheels, using Fig. 10-2. The 

ESWL of the four replacing wheels is then 

computed on the basis of Fig. 10-3. 
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b. Flexible pavements. 

The graphical method of ESWL determination 

for flexible pavements is shown in Fig. 

10-4. 

The ESWL is considered to be equal to the 

wheel load from one tire when the pavement 

thickness is equal to or less than half the 

distance between the closest contact area 

edges, D/2. The contact area for each tire 

is equal to the wheel load divided by the 

tire inflation pressure. Assuming the tire 

imprint to be an ellipse with the major 

axis equal to 1.4 times the minor axis, we 

can derive: 

D 
2 (10-2) 

where ST is the distance between the im

print centers, Lw the load per tire and p 

the inflation pressure. When the pavement 

thickness equals or exceeds twice the cen

ter distance of the two most widely spaced 

contact areas (i.e. ST for dual wheel as

semblies or s 0 for twin tandem wheel as

semblies) , the ESWL is considered to be e

qual to the load from one undercarriage 

assembly. 

Between the two limits for 6 it is assumed 

that log ESWL varies linearly with log 6. 
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Fig. 10-4. Multiple wheeled 

undercarriages on flexible 

pavement-Equivalent Single 

Wheel Loads at varying depths 
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Instead of the graphical construction, one 

of the following expressions may be used: 

dual wheel assemblies: 

log ESWL log L +.3 log o -log D/2 (10-3) 
w log 2ST-log D/2 

twin tandem wheel assemblies: 

log ESWL = log L + 6 log 0 -log D/ 2 (10-4) 
w • log 2S0-log D/2 

An example of the determination of LCN values will 

be given for the McDonnell Douglas DC-10/10. For an 

all-up weight of 388,000 lb (176,000 kg) it is as

sumed that the load on one main gear is equal to 

46% of the weight, or 178,500. lb (81,000 kg). Tire 

pressure is 170 lb/sq.in. (12 kg/em2). 

For a rigid pavement of 12 in. { 30. 4 em) thickness, 

the radius of relative stiffness for a good sub

soil is L = 6.1 (12) 3/ 4 = 39.6 in. (100 em). For 

s8 = 64 in. (163 em) and ST = 54 in. (137 em) we 

find s 8 /L = 1.63 and ST /L = 1. 37. The total con

tact area per undercarriage assembly is 178,500 I 
170 = 1050 sq. in. (6774 em2), hence (contact area)/ 

L2 = .677. Using Fig. 10-3, we obtain a reduction 

factor of 3.40, resulting in an ESWL of 178,500/ 

3.4 = 52,500 lb (23,800 kg). Fig. 10-1 is then used 

to read LCN = 76. 

For a flexible pavement of = 43.3 in. (110 em) 

thickness, the distance SD (64 2 + 54 2) ~ = 83.74 

in. (213 em) - see Fig. 10-4. Hence, we find D/2 = 

~ 30.---------------------, 

"' ::J 
z 

"' u 
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I-

I-z 

~ 
~ 10 

OC-8/63 F CV-<---"'l----,.,...----1 
8 707/3200 

QL1011 

0C-5A 

10 TO 16 Tl RES 
MORE THAN 2 LEGS 

0oL---L---L-~L-~--~L-~--~~~a-.-,o7'~ 

MAX. TAKEOFF WEIGHT- LB 

Fig. 10-5. Thickness of a flexible pavement 

required for several transport aircraft 

types - CBR of sublayer = 15 (Ref. 10-23) 

54/2- {178,500/ (4XI.41TXI70)}~ = 19.3 in. (49 em), 
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for a load per tire of 44,625 lb (20,250 kg). Using 

the logarithmic relationship of ESWL vs. 6, we find 

with Fig. 10-4: ESWL = 74,800 lb (33,930 kg) and 

using Fig. 10-1, we find LCN = 100. 

These results are in fair agreement with the data 

quoted by the airplane manufacturer. 

10.2.3. Multiple wheel undercarriage con

figurations 

The ability to utilize runways of moderate 

quality and the ever-increasing all-up 

weight of transport aircraft have resulted 
in the use of twin, tandem, dual tandem and 

dual twin tandem wheel patterns. The appli

cation of multiple wheel undercarriages 

also results in a gain in safety, a flat 

tire being of little or no consequence. In 

addition, tandem or twin tandem gears are 
superior in taxying over obstacles in that 

the fore and aft wheels meet these obsta

cles at different times, thus only raising 

the airplane about half the total obstacle 

height. 

Fig. 10-5 shows that for takeoff weights of 

up to about 450,000 lb (200,000 kg) the use 

of two main undercarriage legs appears to 

be adequate; for higher weights radical 

changes in the undercarriage configuration 

are unavoidable. For example, the McDonnell 

Douglas DC-10/10 with a ramp weight of 

443,000 lb (200,940 kg) has two main legs, 

but the introduction of the long-range ver

sions DC-10/30 and DC-10/40, with a ramp 

weight of 558,000 lb (253,105 kg), made it 

necessary to add a third main leg in order 

to spread the load over a larger contact 

area. The Boeing 747 and Lockheed C-5A even 

have four main legs and Fig. 10-5 shows 

that in spite of the large weight growth 

from the DC-8 to the DC-10 and the Boeing 

747, these aircraft can use the same type 

of runways. 

The use of multiple struts for the main 

landing gear has highlighted the fact that 
on uneven pavements, or with certain angles 

of pitch and roll, the load must be spread 

evenly over these legs in order to avoid 

overloading of any one assembly. Fig. 10-6 

explains the main functions of the oleo-



Fig. 10-6. Load equalizing system of the 

Boeing 747 main undercarriage system 

pneumatic load equalizing system of the 

Boeing 747. An oil pipe connects the shock 

struts of the pair on each side, so that 

uneven loads are balanced out. 

The Lockheed C-5A, having four main gear 

units {Ref. 10-29), each comprising a six

wheel bogie, illustrates an extreme in 

flotation capability. At reduced takeoff 

weights this aircraft may even be operable 

from unprepared runways. 

The multiple gear develops higher ground 

turning torques, particularly if the air

craft is pivoted about one main gear. 

Steerable main landing gear systems may be 

employed to improve the turn radius , to a

void excessive side loads and to reduce 

tire wear from scrubbing. Detai led design 

considerations of t hese specialized de

signs, however, are considered to be out

side the scope of this book. 

10.3. DISPOSITION OF THE WHEELS 

The following s ections will d eal with t he 
c hoice of the whee l l ocation. Boundaries 

will be derived for the intersectio n of the 

wheel load with the ground, based on condi

tions of stability during taxying, liftoff 

and touchdown. Assuming that for a given 

undercarriage assembly t he cente r of a rea 

of the t ire imprints coincides with these 

intersect ions, conditions will thus be ob

tained for the location of the t ires . In 

most cases it is fair to approximate the 

resulting ground contact points by the 

wheel axis or the pivot poi nt of a bogie 

assembly . 

10.3.1 . Angles of pitch and roll during 

takeoff and landing 

The landing gear legs should be sufficien~ 

ly long to allow for any combination of tho 

pitch angle {6) and roll angle {~) which 

may occur in normal operational use, with

out the risk that parts of the aircraft 
will come into contact with the ground . It 

is generally acknowledged that the avpil

able angle of pitch on liftoff and touch

down should at least be equal to, or pref

erably exceed, the limits imposed by per

formance or flight characteristics. A geo

metric limitation to the pitch angle will 

be detrimental to the liftoff speed and 

hence to the takeoff distance. A geometri

cal roll angle limitation may result in an 

undesirable operational limit in the case 

of crosswind landings . 

The geometric limits may ·be reproduced in 

diagram {Fig . 10-7). The various a ~-6 
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10° 
Ang le of ro ll + 

Fig . 10-7. Limitations on t he angles of 

pitch and bank determine d by the airplane 

geometry 

boundaries define the point where the rear 

fuselage tail {bumper, if present), t he 

wingtip, engine s s uspended below the wing, 

tra iling-edge flaps , or a ny other part of 

the aircraft , just t ouches the ground 

plane ' For a given aircraft geometry a nd 
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lenqth of the main undercarriaqe, the limit 

for e will follow directly from the side 

elevation. The condition that the tip of 

the winq just touches the qround (Fig. 

10- 8 *) will be: 

2h 
tan,=tanr+ ~ -tane tanA (10-5) 

Similar conditions may be deduced forother 

parts of the aircraft. Fig. 10-7 shows a 

:~ 
I , 

Fig. 10-8. Geometric definitions in rela

tion to the angles of bank and pitch re

quired for takeoff and landing 

limitation associated with the outer en

gine pod, which in this case limits the 

maximum angle of roll over a large region. 

The diagram also shows that the limits may 

be modified by lengthening the main gear 

leg. 

Accurate determination of the desired val

ues for $ and 8 can only be carried out 

when the performance calculations of the 

design have been completed. A provisional 

*The difference between the angle of roll 

and angle of bank has been ignored here

which is acceptable for small angles of 

pitch. 
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estiMate may follow the lines given below. 

a. Pitch angle required for liftoff. 

In the case of light aircraft, the required 

pitch angle of 12 to 14 degrees will gen

erally be fairly e-asy to obtain. For trans

port aircraft, however, there is a wide 

variety of aircraft geometry and charac

teristics, and a more detailed calculation 

is advisable. The following expression is 

based on a simplification of the results 

derived in Ref. 10-25: 

(10-6) 

where i 1 and i 2 are dimensions defined in 

Fig. 10-8, and eLOF refers to the condi

tion where the undercarriage is fully ex

tended. 

In (10-6) the value to be uEed for aLOF is 

the highest angle of attack to be antici

pated for normal operational use. The sec

ond te~m is a correction to allow for the 

climb angle of the center of gravity as

sociated with the extending undercarriage. 

The last term represents an increment to 

the pitch angle which will be needed, 

since immediately after rotation the rear 

of the fuselage will still be moving in 

the direction of the runway (Ref. 10-25), 

an effect which is particularly noticeable 

on large aircraft. Typical values to be 

used for the rate of rotation are: 

d6/dt=3 to 4 degrees/sec for large trans

ports (DC-8, B 707, 747 class) 

d8/dt=4 to 5 degrees/sec for small trans

ports (F-28, BAC 1-11 class). 

Prediction methods for the aerodynamic data re

quired to use {10-6) can be found in Appendices E, 

G and K. The amount of work involved in applying 

these methods is not always justified at the under

carriage design stage and the simplified approxi

mation given below may be acceptable instead. 

In the case of propeller aircraft, the effect of 

the propeller slipstream on lift will be quite 

appreciable. Assuming that slats are not present, 

a reasonable guess is obtained from: 



(deg.) (I 0-7) 

For jet transports the liftoff condition can be 

derived from the stalling angle of attack (see 

Fig. 10-9). Ignoring tailplane trim and ground 

-a.f 

Fig. 10-9. Determination of the liftoff 

angle of attack from the lift-curves for 

cruising flight and takeoff 

(I 0-8) 

where it has been assumed that in the takeoff con-

figuration flap deflection has no appreciable ef

fect on the critical angle of attack, and that the 

fuselage is horizontal during cruising flight. In

troducing an approximation for the lift-curve slope 

of high aspect ratio wings, 

2TT COS J\. 25 

1 + 2/A 

and allowing for ground effect, we find: 

(cL ) (c ) 
a =9.12\(1+2)[ maxof=o-p Lmaxto 

LOF A cosA. 25 cosA. 25 

CLcr ] 1 f (deg.) 
cosA_ 25 -A 

(10-9) 

(10-10) 

The factor p allows for the margin relative to CL

max which should be adhered to in any case during 

liftoff. It is dependent on the aerodynamic char

acteristics, and may be assumed equal to .15 to 

. 20. In t.he absence of better information, the de-

signer may use: 

1.50- no leading-edge devices 

(10-11) 

2.10- with leading-edge devices 

b. Pitch and roll angles during landing. 

In the case of jet aircraft, the largest 

angle during landing is generally less than 

that during takeoff, because for fully de

flected flaps the critical angle of attack 

of the wing will be smaller by some de

grees than in takeoff. For propeller air

craft, we may take almost the same values 

in landing and takeoff. 

For the desirable angle of roll we may as

sume: 

8° - transport aircraft 

15° - light aircraft 

10.3.2. Stability at touchdown and during 

taxying: tricycle undercarriages 

Although attention should be given to var
ious types of static and dynamic instabil

ity during the design stage, only the meas

ures which have to be taken to prevent the 

aircraft from canting over will be men

tioned here. We shall use the plan view of 

the aircraft and assume a statically com

pressed landing gear (Fig. 10-11). The air
craft will cant over about any of the lines 

connecting the tire contact areas, if the 

resultant of air and mass forces intersects 

the ground at a point which lies outside 

the triangle formed by these connecting 
lines (Fig. 10-10). In that case the ground 
is unable to exert a reacti·on force which 

opposes the tendency to cant over. 

a. Condition at touchdown. 

The most unfavorable condition will be a 

landing with the centre of gravity in its 
most rearward and highest location. When 
there are no retarding forces (spin-up 
load), only a vertical force will be pre

sent which intersects the ground plane at 
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F~g. 10-10. Condition for stability at 
tc•J::hdown and during taxying 

M 

N 

II 

chosen position of main u . c. leg 

chosen position of nose u . c. leg 

limit of main leg .oosi tion determined by 

touchdown angle of pitch 

limit for the main leg position for given N, 

to attain stability against turnover 

III : limit for the nosegear location for given M, 

craft. 

Forces acting sideways , on the airplane may 
be the result of a crosswind, an angle of 
yaw relative to the runway or a high-speed 
turn during taxying. In addition, taxying 
over uneven surfaces creates the danger of 
turnover. A simple rule of thumb states that 
the angle ~ (Fig. 10-10), determining the 
tendency to overturn sideways, must never 
exceed 60°, 55°to 57° probably being a 
ma x imum safe limit. This condition fixes 
a lower limit for the track. This statis
tical working rule cannot always be used, 

' however, and a somewhat more detailed in-
vestigation may be desirable, particularly 
in the case of aircraft with fuselage
mounted main gear. 

Fig. 10-11 shows a c ase with an unfavorable e.g. 

location, that is, the extreme forward and lateral 

pos ition with asy mme tri cal loading (point 0). As a 

re s ult of the force nyw, directed sideways, the 

aircraft will assume an angle of roll which is 

mainly dependent on the stiffness of the landing 

gea r and the track. The angle of roll may be de

duced from the balance of forces, with the follow

ing result : 

(10-13) 

where ksg is an undercarriage stiffness parameter 

defined in Fig. 10-11, while 

e 
s 

static deflection (tire plus shock strut) 
to att ain stability against turnover track 

hcg height of c. g. above the ground during taxying 
Fig. 10-11. Limits for the undercarriage and 
disposition based on stability considera
tions 

a certain distance behind the projection of 
the center of gravity on the ground. The 
main gear must be placed at least this dis
tance behind the aft e.g. position, nence: 

(10-12) 

where es is the static deflection of the 
tire plus shock absorber and hcg the e.g. 
height during taxying. 

b. Avoiding sideways turnover of the air-
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n 
y 

lateral load/weight 

As a result of the angle of bank the e.g . will be 

displaced sideways over a distance hcg tan~ (point 

Q). ·If the weight is represented by a vector having 

a length hcg from the e . g., then with a sideways 

loading nyW the intersection of the resultant force 

with the ground will lie at a distance nyhcg to

wards the side from point Q. When there is only an 

inertia force in the longitudinal direction nxw 

during braking, the point of intersection will lie 

at a distance n h ahead of 0. x cg 
In view of the danger of turning over the most un-

favorable case will be on a dry hard surface wher~ 

the adhesion forces between the tire and the ground 



will be maximum. In such a case, values of .5 to 

.6 may be found for nx' while ny = • 5. For a dry 

grass surface we may take nx = ny = • 35 as the 

limit. Since the loads in all directions will be 

of the same order of magnitude, a circle may be 

taken as the extreme limit of the poi~ts of inter

section mentioned above. This circle will have 0 

as its centre, while the radius is given by: 

(10-14) 

When the line interconnecting the mainwheel with 

the nosewheel contact areas'touches this circle, 

a condition is found that defines the lower limit 

of the track of the landing gear, provided the 

nosewheel location is fixed. 

Equation 10-13 demonstrates that under a 

given lateral force the angular roll is in

versely proportional to the square of the 

track. In a condition where a narrow track 

is dictated by the general arrangement, the 

aircraft becomes liable to lateral "wal

lowing" and a landing gear with high stiff

ness (i.e. small value of ksg) and a short 
stroke (i.e. small value of es) is desira

ble. 
When using (10-13) and (10-14) it may be assumed 

that the static deflection of the tire is about 1/3 

of the maximum, while that of a conventional shock. 

absorber will be about 3/4. The factor k will be 
sg 

1 for a landing gear where the compression has a 

linear relationship with the wheel load (spring 

without pre-tensioning, pneumatic tire) , a typical 

range of values for a strut with hydraulic shock 

absorber will .be k 5 g = 1/3 to 1/2. 

10.3.3. Gear length, wheelbase and track: 
tricycle undercarriages 

The most favorable location of the wheels 

can be determined by indicating limits in 

the three-view drawing of the aircraft 

(Fig. 10-12). 

a. Disposition in elevation. 

1. During takeoff and landing the rear 

of the fuselage should remain clear of the 

ground by an amount equal to at least the 

maximum tire deflection, or about 2% of 

11 + 1 2 (see Fig. 10-8). The attitudes of 

the aircraft are known from performance 
and aerodynamic data or may be estimated 
with the approximations given in Section 

10.3.1. In this case the landing gear is 

completely extended. 
2. During taxying (landing gear statically 

compressed) there should be a propeller 

clearance of at least 7 in. (18 ern). In the 

case of an inflated tire and a fully de

flected shock absorber, the propeller(s) or 

any other part of the aircraft must remain 

clear of the ground*. 

3. To avoid a tail slam on touchdown, the 

center of the tire contact areas must be 

located just behind the intersection of the 
normal from the rea= center of gravity to 

the ground. In the absence of adequate in

formation, the pitch angle on touchdown 

eTD may be assumed equal to eLOF" 

b. Disposition in plan. 
1. When the load on the nosewheel is less 

than about 8% of the MTOW, controllability 

on the ground and stability during taxying 

will suffer, particularly in crosswind con

ditions. When the static load on the nose

wheel exceeds about 15% of the MTOW, the 

load during heavy braking may become ex

cessive, braking may be less efficient, and 

too much effort may be required for steer

ing. Although the margin between these lim

its seems to be generous, it should be re

membered that variations in the location 

of the center of gravity have a great ef

fect on the nosewheel load. Fig. 10-12 

relates the limits for the nosewheel dis

position to the airplane load and balance 

diagram. 
The figures stated above should be considered as 

recommendations and not as requirements. Structural 

considerations may be conclusive in deciding where 

to place the nose gear. 

2. Once the location of the nosewheel has 

been chosen, the maximum overturning angle 
of 57° - or alternatively the graphical 

method given in Section 10.3.2. -will 

provide a lower limit for the track of the 

.main gear. If the location of the main 

*see also Section 6.4.1. 
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w 

e chosen wheel location 

Fig. 10-12. Disposition of the wheels in the three-view drawing 

LIMITS IN FRONT VIEW: 

s ideways turnover 

II nacelle-to-ground clear-

a nee 

III : wingtip-tn-ground clear-

ance 

IV fuselage tail clearance 

at liftoff 

LIMITS IN PLAN VIEW: 

II 

nosewheel load 8% of MTCM 

nosewheel load 15\ of MTOW 

III: sideways turnover-fixed 

nosewhe el location 

IV touc hdown 

V sideways turnover-fixed 

main wheel location 

LIMITS IN SIDE VIEW: 

touchdown 

II fuselage tail clearance 

at liftoff 

gear, and thus the track, have been fixed, - aircraft with engines at the rear which 

a lower limit for the wheelbase will follow, have a backward c. g. when empty. 

although this is less sharply defined. The object in these two cases is toensure 

3. Occasionally there may be arguments in safe loading without having to place hal-

favor of shifting the main wheels further last in the nose or fit a support at the 

back than required for stability during tail of the fuselage. However, there are 

landing . Examples are: ~erious objections to such a backward 

- freighters with the l oading door in the shift: 

rear of the fuselage, - Rotation in the takeoff will be mnre dif-
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ficult, with the result that the aircraft 

will unstick later, while accurate longi

tudinal control will be more difficult for 

the pilot, unless the elevator power is 

considerably increased (Ref. 10-14}. 

- The load on the nosewheel will be in

creased and it may not be possible to stop 

efficiently unless brakes are also fitted 

to the nosewheel. 

c. Disposition in front view. 

The main factors to be considered in de

termining the landing gear height follow 

from the considerations in Section 10.3.1. 

with regard to the available angles of 

roll and pitch. The minimum track of the 

main wheels follows from the required sta

bility against overturning sideways. 

Once all limits have been established, the 

designer may choose the shortest landing 

gear which satisfies every requirement. 

There may, however, be good reasons for 

departing from this rule: 

- With the track chosen a main leg of min

imum length may be too short to ensure that 

the wheels will lie in the desired location 

when retracted. 

- The leg will be too short to accommodate 

the shock absorber (see Section 10.5.2.}. 

- There may be reason to anticipate fuse

lage stretch, requiring a higher landing 

gear for the same rotation angle (see Fig. 

2-8}. 

If the main gear is unacceptably high, 

possibilities of modifying the design of 

the aircraft must be investigated. Depend

ing on the critical limitations, this may 

involve: 

- changing the contour of the rear fuse

lage, 

- increasing the angle of incidence of the 

wing relative to the fuselage, 

- increasing the dihedral of the wings and/ 

or 

- re-locating an engine. 

The length of the nosewheel leg will some

times follow directly from the required 

clearance of a propeller in the nose of the 

aircraft (see Section 6.4.1.}. In other 

cases the length is generally based on the 

requirement that the fuselage should be 

horizontal or slightly tilted nosedown 

when the aircraft is on the ground. 

10.3.4. Disposition of a tailwheel under

carriage 

The governing factor here will be the land

ing, since the aircraft touches down near 

the condition of stalling. Assuming the 

fuselage reference line to be horizontal 

during crui-sing, an approximation for the 

critical angle of attack is: 

(deg.} (10-15} 

With the landing gear fully extended, at 

least this angle should be available with 

he aircraft tail down. 

The dec1ding factor for the location of the 

main wheels will be the stability attaina

ble when iull braking is applied during 

landing. The resultant force of the load 

acting on the wheels perpendicular to the 

ground and the friction with the ground 

must therefore create a tail-down moment. 

The condition for the angle 8 in Fig. 10-13 

Fig. 10-13. Main wheel disposition for 

tailwheel undercarriages 

will then be: 

tanB > 11 (10-16} 

Assuming ll to be limited to • 25 to . 35 as a 

result of the runway condition (e.g. grass} 

or the limited braking torque, 8 should be 

at least 14° to 17°, the latter value gen

erally being taken as the lower limit. 

When the main gear is placed too far for-
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ward, the aircraft cannot be brought into 

a favorable attitude for taking off. The 

clearance of the propeller to the ground 

in the takeoff attitude must be at least 

9 in. (23cm. ) -seealsoSection6.4.1. 

10.4. TYPE, SIZE AND INFLATION PRESSUREOF 

THE TIRES 

Fig. 10-14 shows some examples of tire 

Normal, grooved tire, wear

resistant and having good ct-.ar

acteristics on wet runways 

Chined tires, used on aircraft 

with rear-mounted engines 

Anti-shimmy tire, used 0:1 cas

taring nosewheels of light air

craft 

Fig. 10-14. Tire tread patterns 

treads, the choice of which will depend on 

the application envisaged. The grooved 

pattern normally used is provided with 

ribs. This has been found necessary in 

order to obtain good adhesion on wet run

ways and to minimise the effects of the 

cutting action of stones or flints in the 

runway surface. Aircraft with engines 

located in the wing roots or at the sides 

of the rear fuselage use tires provided 

with a chine, which serves to direct the 

35o 

water on a wet runway sideways . 

Treads with two contact areas are intended 

to counteract the tendency to shimmy; they 

are mainly used on light aircraft with a 

single, castoring nosewheel. 

Shimmy is a violent, self-excited oscillation about 

the swivel axis, caused by positive trail in the 

case of a castoring wheel. The problem can be over

come by incorporating friction or hydraulicdamping, 

or heavy self-centering . Alternatively, twin wheels 

may be employed to achieve the same effect as a 

single wheel with two contact areas. 

Manufacturers of tire• issue catalogs in 

American, British and French standard 

sizes. Definitions of tire sizes and a 

survey of applications in aircraft can be 

found in Ref. 10-30. 

The choice of the size of tire is simpli

fied by using Fig. 10-15 which gives re

presentative values for the static loading. 

Since the characteristics of tires are con

tinually being improved, the data in Fig . 

10-15 should be checked against the latest 

tire manufacturer's data to make sure that 

a certain type is still in production and 

its characteristics have not been changed. 

10.4.1. Main wheel tires 

The choice of the main wheel tires is gen

erally made on the basis of the static 

loading case. The load is determined by 

the weight of the aircraft, the number of 

main wheel legs, the number of wheels per 

leg and the location of the leg in rela

tion to the center of gravity. The air

craft is considered to be taxying without 

braking, at low speed, and hence the wheel 

load follows from the static equilibrium. 

From Fig. 10-15 we may derive the following 

expression for the total main gear load: 

( 10-17) 

The critical condition is the aft location 

of the center of gravity at the Maximum 

Takeoff Weight*. If the data required to 

carry out a calculation are not available, 

*More precisely: the Maximum Ramp Weight 



it may be assumed that when two main legs 

are used, each of them will have to carry 

46% of the MTOW. 

When the characteristics of the shock ab
sorber in the landing gear leg are known, 
it will be possible to determine the energy 

absorption required for the impact during 

landing. The maximum dynamic load can then 

be calculated. Alternatively, for a pre

liminary design it is justifiable to as

sume that the design of the shock absorber 

will be adapted to the energy which the 
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tire is able to absorb at maximum deflec

tion. In that case the choice of the tire 
may be based on the static load it can 

carry. 

For undercarriage legs with a single axis 

the total load on the leg is divided e
qually over the tires. In bogie assemblies 

the load per wheel depends on the position 

of the bogie pivot point. If the pivot 

point is midway between the front and rear 

wheel axles the wheel loads are equal in 
the static case, but the front wheels will 

7 

6 

a. AMERICAN SIZES 

2 3 4 5 6 7 8 9 10 15 20 

Inflation pressure - kg;cm2 
Fig. 10-15. Tire data 
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be overloaded during braking. 

This overloading can be re

duced by 

- a low pivot point position 

- a rearward shift of the 

pivot point, and/or 

- the use of compensating 

linkages. 

The bogie pivot is usually 

placed so that the distance 

between it and the front and 

rear wheel axles is about 55 

and 45% of the bogie arm, 

respectively. The static and 

dynamic overload on any of 

the wheels will then be lim

ited to approximately 10%, 

and the load to be carried 

by the tires may be adapted 

accordingly (Ref. 10-1). 

10.4.2. Nosewheel tires 

The choice of the tire size 

is generally based on the 

nosewheel load during braking 

at maximum effort - the 

steady braked load. Using 

the symbols shown in Fig. 

10-16, we may calculate the 

nosewheel load for constant 

deceleration from the equa

tions of motion. Ignoring 

1.5~ 102 .......................................................................................................................... '::""' ..... ~ .............. ..... 
~ m m ~ 

the aerodynamic moment and 

assuming that the nosewheel 

has no brakes, we have during 

the braked roll: 

b. BRITISH SIZES 

0 1 X 

0 
British 36 X 

@l'· 
sizes 

American 21 

sizes 
26 X 

32 X 

b, 

c. EXPLANATION OF THE TIRE CODE 

Fig. 10-15 (continued) 
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Inflation pressure - kg;cm2 

b, - d 
10.00 - 18 

6.00 - 4 

type I 
15.50 - 20 type m 
6.6 typeJ111 

11.50 - 15 typeWI 

a 
2 w )J p + D - T (10-18) 
g m 

0 w - L - p - p (10-19) 
m n 

0 pm£m + \J Pm hcg - p £ (10-20) 
n n 

The nosewheel load can be derived from 

this: 

pv? = £ ~ (1- ~)+ £ h~f (a;- D;T) 
m n rn n 

(10-21) 



Fig. 10-16. Forces 
during a braked roll 

on the aircraft 

As both D and L are positive, the maximum 
nosewheel load occurs at low speed. Reverse 
thrust decreases the nosewheel load and 
hence the condition T = 0 results in the 
maximum load: 

( 10-22) 

or: 

(10-23) 

Provided the necessary data are available 
to calculate the friction coefficient (see 
Appendix K) , equation 10-23 can be used, 
whereas (10-22) is more suitable when these 
data are not available. Typical values are 
ax/g .35 - dry concrete, simple brake 
system 

ax/g = .45 - dry concrete, automatic brake 
pressure control. 
The design condition is the forward e.g. 
limit at a high takeoff weight. 

10.4.3. Inflation pressure 

When the size of the tire is to be deter
mined there will be a limited choice re
garding the inflation pressure. Assuming 
that the wheel load and configuration of 
the landing gear are constant, the weight 
and volume of the tires will decrease with 
an increase in pressure. The wheels will 
take up less space when retracted while 
the drag of the extended undercarriage 
will be reduced as a result of the smaller 
frontal area. There will, however, be sec
ondary factors which the designer should 

note: 

a. With increasing inflation pressure the 
contact area with the runway will decrease. 
As explained in Section 10.2. the bearing 

capacity of the runway will therefore im
pose a limit on the inflation pressure. 
b. There must be sufficient space for 
fitting internal brakes inside the wheel 
rims and this will set a lower limit to 
the diameter of the hub as well as the 
wheel flange width. The total brake energy 
to be absorbed must therefore be deter
mined, and for transport aircraft this m~ ,.· 
be assumed at approximately 600 lb.ft per 
lb (183 kgm per kg) of Maximum Landing 
Weight for jet aircraft and 450 lb.ft 
per lb (137 kgm per kg) for propeller air
craft*. A brake manufacturer should be con
sulted to insure that this amount can be 
accommodated within the tire and wheel 
size. The choice of a lower inflation 
pressure will result in a larger tire 
size and hence more space will be avail
able for the brakes. If an acceptable size 
for the tires and wheels still cannot be 
arrived at after this, a non-symmetrical 
wheel hub arrangement may be required. 

c. The contact area of the tires with the 
ground is inversely proportional to the 
inflation pressure, and braking will be 
less effective with high inflation pres
sures. For example, Ref. 10-27 quotes for 
the tire/runway friction coefficient at 
zero rolling velocity, on dry concrete: 

~static = .93 - constant. p (10-24) 

where the constant is equal to .0011 sq.in. 
per lb or .0155 cm2 per kg. 
d. The aircraft will frequently have to be 
operated from wet runways. Assuming a tire 
with a sui table tread pat terr., the aqua
planing velocity is found to depend almost 
entirely on the inflation pressure alone 
(Ref. 10-27): 

*These data are reasonably accurate, pro
vided the landing speed of the design has 
a normal value as compared with existing 
aircraft in the category considered. 
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V aqua = constant y'ii (10-25) 

where the constant is equal to 9 if p is 

in lb/sq.in. and V in knots, or 17.5 if p 

is in kg/cm2 and V in m/s. 

The tire pressure also ha~ an influence on 

the drag caused by water or slush on the 

runway. Although the performance of jet 

transport aircraft with their relatively 

high pm~er loadings and rolling speeds is 

sensitive to this effect, it is no design 

practice to adapt the tire pressure ac
cordingly. 

10.5. GEAR GEOMETRY AND RETRACTION 

Having chosen the disposition of the under

carriage and the tire dimensions, the air

plane. project design engineer must pay at

tention to the shock strut configuration 

and dimensions and,. in the case of re

tractable gear, to the basic solution for 
the kinematics of the retraction and the 

space required for wheelbays. 

10.5.1. Energy absorption on touchdown 

The maximum kinetic energy of the aircraft 
normal to the runway to be absorbed when 
touching down is: 

(10-26) 

where w is the ultimate velocity of descent. 

Assuming conservatively that this energy 

will have to be absorbed completely by the 

main undercarriage, thus ignoring the en

ergy transmitted to the atmosphere, the 

required stroke of each shock absorber is 

derived from: 

(10-27) 

where 

Ns is the number of main gear shock ab

sorbers 

Ps is the static load per leg 

A is a reaction factor, or ratio of maximum 
load to static load per leg 

St is the maximum tire deflection 
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S is the stroke of the shock absorber 

n is an efficiency factor, equal to the 

energy absorbed by the tire or the absorber 

divided by the product of P and the maximum 
deflection or st~oke, respectively. 
Assuming the static load on the main under·· 

carriage equal to 92% of w, we find for the 

required shock absorber stroke*: 

s (10-28) 

It is recommended to add one inch to this 

value to allow for inaccuracies in the 

method and miscellaneous factors. The ul
timate descent velocity w is specified in 
the airworthiness regulations: FAR 23.473 

and 25.473, BCAR Section D Chapter 03-5 
Par. 4 and Section K Chapter K3-5 Par. 2. 
For light aircraft: 

w =constant x (W/S)" 25 (10-29) 

where the constant is 4.4 if the wing load

ing is in lb/sq.ft and w in ft/s, or .9 if 

the wing loading is in kg/m2 and w in m/s. 

For transport aircraft w is generally 12 
ft/s (3.66 m/s), although in the BCAR re

quirements it is dependent on the stalling 

speed. 

The reaction factor A may be assumed equal 

to 2 to 2.5 for transport aircraft and 3.0 

for light aircraft. 

The efficiency data to be used in (10-28) 

may be assumed as follows: 

tires: nt = .47 
air springs: ns = .60 to .65 
metal springs with oil damping: ns = .70 

liquid springs: ns = .75- .85 

oleo-pneumatic absorbers: ns = .~0. 

The maximum tire deflection can be obtained from 

the ti,re handbook, or alternatively from the ap

proximation: 

A L 
constant __ w_ 

P!DA 
(10-30) 

where Lw is the static load per wheel and Dt and 

bt are the tire diameter and maximum width. The 

*more precisely: the projection of the 
stroke normal to the ground. 



constant of proportionality in (10-30) is equal to 

.5. A simpler assumption is to take st 

equal to three times the static deflection of the 

tire. 

10.5.2. Dimensions of the gear 

Useful statistical data can be found in 

Refs. 10-4 and 10-30, which are summarized 

as follows. 

a. The diameter of the cylinder of a tele-

scopic main gear unit may be taken as 

D = • 5 + .03 IP in., for p in lb 

f(l0-31) 
s s 

D = 1. 3+ . 11 IPS ern ' for p in kg s 

where Ps is the maximum unfactored vertical 

load per leg. 

b. Clearance allowances between the tire 

and the adjacent parts of the aircraft are 

based on 

- the maximum dimensions of the inflated 

tire 

- a growth allowance due to service 

- the effect of centrifugal forces at high-

speed rolling, which increase the diameter. 

Although the growth of tires depends to 

some extent on the type used, a 4% growth 

in maximum width and 10% in diameter during 

use will be good average values. The clear

ance around the tire required in connection 

with centrifugal forces may be taken from 

Fig. 10-17. 

c. The distance between the tire center 

lines of twin tires ST shall be at least 

1.18 times the maximum grown width of the 

tire. The minimum distance between the ax

le centers of tires in tandem shall be e

qual to the maximum grown tire diameter 

plus twice the radial clearance allowance 

according to Fig. 10-17. As the wheelbase 

of the bogie should be as short as possible 

in order to minimize tire scrubbing and 

bending moments, a value of 1.2 times the 

tire grown diameter can be taken as a 

workable ratio. 

c 1.6-

., 1.4 
C) 
c: 
E 
~ 1.2 
u 

E to 
::J 
E 
£ .8 

:2 

.2-

oL-~-L~~--~~-L~--L-~~~~o 

o 4 8 12 16 20 24 in. 
Width of grown tire 

E 
C) 

Fig. 10-17. Minimum clearance between tires 

and parts of the aircraft 

d. The wheel spacing on a landing gear u

nit, with the wheels located on each side 

of the shock absorber strut, may be derived 

from (10-31) and Fig. 10-17 by adding twice 

the lateral clearance to the cylinder diam

eter. This dimension determines the total 

width of a dual wheel assembly. 

e. In the case of a dual tandem bogie as

sembly, there should be a lateral spacing 

between the wheel center lines ST of 1.8 

times the maximum tire width. 

f. The length of the leg is determined 
mainly by the shock absorber stroke (see 

Section 10.5.1.) and the amount of over

lap of the sliding assembly. Minimum val

ues for this length are indicated in Fig. 

10-18 for two types of simple telescopic 

gears. 

Ref. 10-4 pre~ents statistical data for 

determining the dimensions X, Y and Z. It 

is generally found that the undercarriage 

leg length required is about 3 times the 

shock absorber stroke for dual and multi

wheel assemblies, plus a tire radius for 

the single wheel layout. 
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SINGLE WHEEL TWIN & MULTI-WHEEL 

I 

\ > 2.6 ( S+X)+z \ > 2.5{S+X+y) 

Fig. 10-18. Dimensions of undercarriage 

legs (Ref. 10-4) 

10.5.3. Gear retraction 

Nowadays fixed landing gear is almost ex

clusively used on many small private air

craft at the lower end of the speed scale, 

i.e. cruising speeds of less than 135 to 

160 knots (250 to 300 km/h). It is rela

tively easy to design a robust fixed land

ing gear and this may be the right choice 

for aircraft which have to use rough air

fields. It may sometimes be attractive to 

fit a semi-retractable landing gear. 

Table 10-3 shows that even at speeds around 

l:.•rdinal HG 

(l!.~·tr H't.lht.., 

c.- .• r) 

Gross weight l,t"VO lb 

t:mpty weight 1,1,10 lh 

Baggage I ~0 I b 

Fu ... l capacity ~1 gal 

Top speed ;~t se<1 t .. vel llt> mph 

Cruise sp•H·d (7';:t powt>r <It 7,UUll ft•) 166 mpi• 

Range at 7'>! puwer at 7,000 ft*, 

no n:servto) 76S sm 

R11te of climb .:tt st'a J~v['l 860 ft•n• 

Service ceiling lb,900 it 

Takeoff over 50-ft obstolcle 1,58S ft 

Landing over SO-ft ubstade l,lSO ft 

Stall speed, flap" up, power nrf 66 mph 

St.lll spetd, £laps down, power off )1 mph 

Power: 

(t Cardinal RC · ZOO hp Lycmning I0-160Al66 

0Cardinal 177180 hp t.yc:uminK 0-JbOAlF 

C;~rdino~l 177 

{ ~·j x..,oJ Gt•.lr J 

~,SUO I h 

1 .~8!J I b 

I.!Oib 

SO ~at 

lj I mph 

142 mph 

R4u t"pm 

1'.,600 ft 

1,400 It 

1,120 £t 

61 mph 

SJ mph 

• cardin.al 177 cruise speed .1nd range are l"ail•tll::Jtt>d at .1n altitudt• 

of 8,000 ft. 

Table 10-3. Performance comparison of 

Cessna Cardinals 

160 knots (300 km/h) there is a considera

ble improvement in cruising performance with 
the use of a retractable landing gear. Al-
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though the two versions of the Cessna 

Cardinal shown are also slightly different 

in other respects, the gain in cruising 

speed is caused primarily by gear retrac

tion. Incidentally, the manufacturer ap

pears to stress the improved appeal of the 
RG version more than the actual gain in 
performance. 

There are almost as many gear retraction 

schemes as there are different aircraft de

signs. A review of known retraction solu

tions should be made before the actual geo
metric design is started; Refs. 10-1 and 

10-13 are valuable contributions in this 

field. 
Most retraction mechanisms are derived 

from the four-bar linkage and the designer 

must have very good reasons to deviate 

from this. A 'suitable pivot point must be 

chosen for the leg which, at the same 

time, gives the required wheel positions 

and allows adequate length of the leg. A 

retraction mechanism, generally consisting 

of a folding stay member and a retraction 
jack, is then required. Provided a reason
able looking mechanism has been found, a 
retraction curve should be constructed, 

indicating the retraction load on the jack 

and a number of checks will have to be 

made. For example: 
a. Make sure that the jack has adequate 

dead length. 
b. The efficiency of the retraction geom

etry - i.e. the work done by the jack di

vided by the maximum jack force times the 
total jack travel - should be at least a

bout 50%. Excessive variations in the jack 
force during retraction must be avoided. 
c. The points where the undercarriage is 

to be suspended must be arranged as close 

as possible to the wing spars, major frames 

or ribs or any other strong major struc

tural member. 

d. There must be adequate clearancebetween 

the members of the retraction mechanism. 

e. The leg must be adequately supported a

gainst forces in a plane normal to the 

plane of retraction. 
A solution for various retraction problems 



may sometimes be found by arranging the 

swivel axis so that the wheel goes up a 

spiral path, with the result that it is 

ro t ated during retraction. Shock absorber 

contraction during retraction can be used 

to facilitate stowage, particularly when 

an articulated landing gear is used. The 

bogie undercarriage may have an extra de

gree of freedom a vailable in that the bo

gie unit can swive l with respect to the 

main member, thus requiring a minimum of 

LOWERED 

PARTIA LLY RETRACTE D 

RETRACTED 

Fig . 10-1 9 . Retr ac

t ion sequence o f a 

typical bogie under

carriage 

Fig. 10-20. The jockey undercarriage of 

the Br.,;guet 941 

space when retracted (Fig. 10-19). 

J o c key undercarriages (Flg . 10- 20) are 
s ometimes used on rough-f i e la land~ng gear: 

they require only a small streamline fair

ing when re t racted and may therefore be 

particularly suitable for f uselage-mounted 

gears. 

Omission o f a main whe el door may be con

sidered on a i r c r a f t where the d rag penalty 

thus i ncurred is of l ess importance than 

the gain i n weight and retraction space 

(e.g. the Boeing 737, Yak 40) . 
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Chapter 11. Analysis of aerodynamic and operational 
characteristics 

SUMMARY 

The object of the design synthesis process dealt with in the previous chapters is to a
chieve the goals laid down in the design specification. The first cycle of the iterative 
design process will be concluded with an analysis of the operational characteristics for 
the purpose of investigating to what extent the design requirements have been met. 
Some general comments on the prediction of aerodynamic characteristics are made in this 
chapter. Definitions and subdivisions of the drag according to several schemes are dis
cussed. The choice of operational limit speeds and the determination of n-V diagrams are 
then briefly reviewed. A procedure to analyze the flight profile, reserve fuel quantity 
and payload-range characteristics is given, followed by some general aspects of climb and 
field performance. 
The chapter concludes with certain aspects of operating economy and some critical notes 
on the use of standard formulas for estimating direct operating costs. 
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NOMENCLATURE 

- wing aspect ratio 

- factor in drag coefficient contri-

bution 

a - speed of sound 

- factor in drag coefficient contri-

bution 

- wing span 

- rate of climb 

- Calibrated Air Speed 

- drag coefficient 

- zero-lift drag coefficient 

- mean skin friction drag coefficient 

- lift coefficient 

- pitching moment coefficient 

- Thrust Specific Fuel Consumption 

(TSFC) 

- drag; distance 

- factor in drag coefficient contri-

bution 

DOC - Direct Operating Costs 

EAS - Equivalent Air Speed 

e - Oswald factor 

F - (hourly) fuel consumption 

g - acceleration due to gravity 

h - (pressure) altitude 

IOC - Indirect Operating Costs 

Kg - gust alleviation factor 

L - lift 

M - Mach number 

McrD - drag-critical Mach number 

MTOW - Maximum Take-Off Weight 

N 

n 

- engine rpm 

- number of engines per aircraft 

- load factor; coefficient in mathe-

matical representation of the com

pressibility drag 

P - power 

p - static pressure 

R - range; Reynolds number 

ROI - Return On Investment 

S - wing area; field length; distance 

traveled during takeoff 

11.1. INTRODUCTION 

The previous chapters were intended to 

provide the designer with background in-
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T - thrust; temperature 

TAS - True Air Speed 

w 

y 

p 

\l 

time 

- airspeed 

- equivalent airspeed 

- weight 

- gust velocity (EAS) 

- angle of attack 

factor of proportionality in the 

drag coefficient 

- ratio of specific heats; climb 

angle 

- relative atmospheric pressure 

- elevator deflection 

- increment 

- relative atmospheric temperature 

- atmospheric density 

- coefficient of frictional retarda-

tion 

Subscripts 

am 

b 

- air maneuver 

beginning of cruising flight; 

block-to-block (time) 

C - design cruising condition 

cr - cruising flight 

cl - climb 

D - design diving condition 

des - descent 

e 

gm 

MO 
R 

s 
to 

uc 

end of cruising flight 

ground maneuver 

drag contribution 

Maximum Operating (limit speed) 

- rotation 

- stalling 

- takeoff 

- undercarriage 

uu - moment of retraction of uc 

v - vortex-induced 

wet - wetted (area) 

o - sea level 

2 - takeoff safety (speed) 

formation and basic (semi-)statistical 

methods and procedures for sizing the ma

jor parts of the airplane and allocating 

and disposing them in relation to each 



other. These considerations are intended 
to be of some help in obtaining a reason

able insight into the design process and 

in finalizing the first design iteration 

in a reasonable space of time. 

Referring back to Section 1.5 of the first 
chapter and in particular to Figs. 1-7 and 

1-9, we find that the designer's next step 

is to analyze the design by estimating 

some of the aerodynamic characteristics 

and determining major performances and 

certain flying qualities. The primary aim 

of this step is to verify whether the de

sign meets the initial specification. Gen

erally speaking, this comparison will re

veal that design improvements are required 
but experience gained during the design 

stage may well lead to the conclusion that 

the design specification should be changed 

instead of or in combination with the air

craft. In any case, the design analysis 

and evaluation will finally result in an 

initial baseline design which takes into 
account the most recent views on the de

sign requirements. 

Although many aspects can only be consid

ered after detailed study and testing, 
estimates are usually marle of several per

formance aspects, such as cruising perfor

mance, airfield performance, design speeds 

and Direct Operating Costs (DOC). A report 

on the background information for a design 
study might contain the following elements. 

a. A prediction of the lift curve, the drag 

polar, and the pitching moment curve for 
representative cruising conditions. 

b. Calculations of the cruising speed and/ 

or maximum flight speed and the specific 

range (i.e. distance traveled per unit 

weight of fuel) for several flight speeds 

and/or cruising altitudes. 

c. Considerations for choosing the most 
relevant structural design speeds (VC and 
VD) and determining the limitations of op
erational speeds vs. pressure altitude, 

i.e. the flight envelope. 

d. Calculations of v-n diagrams for maneu-

vering and gust loads for several repre

sentative operational conditions. 

e. Computations of the maximum rate of 

climb and ceilings with all engines oper

ating and with a failed engine (as appro

priate). 

f. A prediction of the CL -a curves and the 

airplane drag polar for several positions 

of the high-lift devices, with undercar

riage up and down. 

g. Limits for the takeoff and landing 

weight, based on the airworthiness re

quirements in relation to climb perform

ance, i.e. WAT curves. 

h. Calculations of the takeoff and landing 
field length required in accordance with 

the airworthiness rules appropriate to the 

particular airplane category. 

j. Payload-range diagrams for several 

cruising conditions, due allowances being 

made for reserve fuel. 
k. An estimate of the operating costs as 
a function of the stage length, using a 

suitable standard method. 

Many other questions can be raised and the 

designer must make a decision on the basis 

of what he considers necessary and appro

priate in the preliminary design stage. 

For example, a detailed study of some 

principal stability and control character

istics can be carried out, particularly if 

there are sound reasons for doubting the 

adequacy of the empennage and control sur

face design. However, t.he designer should 

also realize that many assumptions have to 
be made which must be verified later on 

and decide whether much time should be 
spent in studies the conclusions of which 

are subject to considerable inaccuracy. 

Several topics in this chapter will be 

touched upon in a rather superficial man
ner since a thorough treatment might ne

cessitate as many chapters as there are 

sections in this chapter. More detailed 

information can be obtained from the pub
lications listed in the references and 

also in Appendices E, F, G and K. 
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11.2. TERMINOLOGY RELATING TO THE DETERMI
NATION OF DRAG 

One difficulty that arises when drag pre

diction methods are compared or drag meas

urements interpreted is that the terminol
ogy often creates confusion. Several 

schemes (Fig. 11-1) are possible for sub-

Fig. 11-1. Drag breakdown of a body with
out internal flow 

dividing the drag of an airplane, as ex

plained in Refs. 11-1 and 11-2 and the 

following sections. 

11.2.1. Pressure drag and skin friction 
drag 

The total action that a fluid exerts on a 
body can be considered as the resultant of 

the elementary forces exerted on all points 

of the surface, both normally and tangen

tially. Considering the drag on a closed 

body (i.e. one with no internal flow due 

to powerplant installation or internal 

systems), the SKIN FRICTION or SURFACE DRAG 

is generated by tangential forces, while 

PRESSURE DRAG is caused by the normal 

forces. The lift' can be subdivided in a 

similar manner, but it is usually consid

ered a component of only pressure forces. 

The pressure distribution is also affected 
by the boundary layer and regions of sep

arated flow. In wind tunnel experiments 
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the pressure forces can be obtained di

rectly by measuring the distribution of 

the pressure at several small holes, sit

uated at the surface of the body, while 

friction drag is obtained by subtracting 
the pressure drag from the total drag. 
Assuming the mean friction drag coeffi
cient based on the wetted areas of the 

various aircraft parts to be denoted CF, 
the skin friction drag can be written: 

(11-1) 

where CF is typically of the order of .003 
to .005 for most subsonic aircraft. The 

wetted area of a body or wing is there

fore the main geometric parameter deter

mining the skin friction drag. 

11.2.2. Wake drag, vortex-induced drag, 
and wave drag 

According to the law of conservation of 

energy, the work produced in overcoming 

the aerodynamic drag of a body moving at 
constant speed is equal to the energy in

crease in the surrounding fluid. The forms 

of energy transmitted to the fluid are 

vortex-induced energy, wake energy, and 

shock wave energy. The a.erodynamic drag 

can be subdivided accordingly (Fig. 11-1). 
VORTEX-INDUCED DRAG is part of the pres
sure drag, corresponding to the kinetic 
energy - distributed throughout the fluid -

associated with the trailing vortices shed 
by a lifting wing of finite aspect ratio. 

For high aspect ratio wings with relative

ly thick airfoil sections, the vortex-in

duced drag can be computed accurately with 

lifting-line or lifting-surface theories. 

However, when section leading edges are 
sharp, angles of sweepback large and/or 

aspect ratios low, the leading-edge suc

tion force begins to break down at some 
critical lift coefficient and the vortex

induced drag increases considerably (see 

Fig. 7-22 and Ref. 11-12). 

For elliptical wings of high aspect ratio, 

the vortex-induced drag is given by: 



nA W ( 11-2) 

This equation illustrates that, for given 
flight conditions, the span loading W/b 2 

determines the induced drag. 
WAKE DRAG is caused by the boundary layer 
and region:; cf separated flow. The main 
source ci: drag generated by the.boundary 
layer is shear action, resulting in skin 
friction drag; the pressure drag is gen-
erally an order of magnitude less. Separa
tivn drag, however, is predominantly 
Ci.'.used by forces normal to the surface. 
ror a well-streamlined body at small angles 
of attack, the skin friction drag is the 
dominant part of the wake drag. 
SEPARATION DRAG increases sharply when the 
stall is approached and is also manifest 
in areas near ill-shaped wing body junc
tions, blunt bases, sharp corners, etc. 
Flow separation can be predicted and ana
lyzed theoretically in only a few simple 
cases and drag prediction is therefore of 
an empirical nature. It cannot be esti
mated with good accuracy for project de
sign. 

WAVE DRAG is another part of the pressure 
drag, associated with the work produced by 
compression of the fluid at high (local) 
flow velocities, which manifests itself 
in the form of shock waves. A complicating 
factor is that strong shock waves may in
duce flow separation, resulting in an in
crease in both the wake drag and the vor
tex-induced drag. At supersonic speeds, 
assuming linear theory, wave drag can be 
subdivided into wave drag due to the body 
volume and wave drag due to lift, but at 
transonic speeds, when mixed flow is pres
ent, this subdivision is less evident. 

It will be clear from the foregoing that 
the subdivision of drag into vortex-in
duced, wake and wave drag components is 
not very well defined in cases where ap
preciable interactions between the various 
flow fields occur. These interference ef
fects result in drag increments, frequent
ly referred to as INTERFERENCE DRAG. 

11.2.3. Form drag, profile drag and in
duced drag 

The pressure drag component of the wake 
drag and the wave drag due to volume (if 
present) may be combined into the FORM 
DRAG. For a specified angle of attack this 
contribution depends upon the shape or 
form of the body. For a nonlifting body, 
shedding no v~rtices, the form drag is 
equal to the pressure drag on the body. 
When a two-dimensional wing is placed in 
a wind tunnel, it experiences skin fric
tion plus form drag, a combination called 
the PROFILE DRAG or section drag. This 
term is also used to define the skin fric
tion plus form drag of three-dimensional 
bodies, with or without lift. 
INDUCED DRAG is the resultant of vortex
induced drag and wave drag due to lift. 
In the absence of shock waves, profile 
drag is equal to wake drag and for a wind 
tunnel model it can be derived from static 
and total pressure distribution measur~
ments in the wake of the body. The induced 
drag is found by subtracting the wake drag 
from the total drag. 

11.2.4. Zero-lift drag and lift-dependent 
drag 

The subdivision shown in Fig. 11-1 is use
ful for the purpose of theoretical and 
semi-empirical drag computation and for 
the interpretation of wind tunnel measure
ments. When it comes to the analysis of 
flight test results, only the total lift 
and drag are available, as these are de
rived directly from measurements of the 
aircraft motion (cf. Ref. 11-13). In view 
of the fact that the vortex-induced drag 
coefficient is essentially proportional to 
cL2 ' it is usual to plot measured CD values 
versus cL2 (Fig. 5-4b). In the range of 
normal operational values of CL a straight
line approximation is found to be accept
able. The subdivision of drag into zero
lift drag and lift-dependent drag, 

c 2 
CD ; CD + ...!:!... nAe 

0 
(5-9) 
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originates from this cor1cept. The meaning 

of the OswaJ.d factor e is exp l ained in Sec

t ion 5 . 3 . 1. 

It is regrettable that the term cL 2/rrAe is 

frequently referred to as "induced drag 

coefficient'', wt1ich makes cor1fusion with 

the previous scheme unavoidable . Lift

dependent drag comprises not only vortex

induced drag and lift-induced wave drag 

but also the variation of the profile drag 

with the angle of attack. 

According to (5-9) the condition of mini

mum drag is CL ~ 0, while this should in 

fact be some positiv-e val U(e of CL, r e-

ferred to as C in Fig. 11-2. The fol-
Lref 

,_. . _ PROF ILE OAAG • ........._ ___ VORTEX DMG -- o< 

w •ng __ ---. 

_2 

Fig. ll-2. Drag buildup by analysis 

(w =wing; f = fuselage; e = engine instal

lation; v = vertical tailplane; h = hori

zontal tailplane) 

lowing representation of the drag polar 

yields a more accurate approx1mation, 

particularly for low values of CL: 

B ( CL 
2 

CD = CD + - CL ) ( 11-3) 
ref r ef 

The drag for C. = CL is referred to as 

the reference ~rag ofe6asic drag. 

11.2.5. Breakdown for drag analysis 

In the preliminary design stage, when no 

wind tunnel data are available, tradition

al drag prediction methods are used, based 

on the following procedure: 
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1. Calculate the drag of each major part 

separately, assuming that they are iso

lated from each other. 

2. Add all contributions. 

3. Make corrections for the interaction of 

the flow fields. 

The last term is sometimes called "inter

fere nce drag", but the term "interference 

corrections" is more justifiable. A clas

sical subdivision of the total drag is as 

follows: 

- (minimum) wing profile drag, 

- (minimum) parasite drag*, i.e. the drag 

of all other airplane items plus correc

tions for interference, 

- lift-dependent drag. 

Most individual drag contributions can be 

approximated as follows: 

CD = A• + B. CL + D C 2 
j " J j L 

( 11-4) 

Fiq. 11-2 shows the variation of several 

contributions with CL. The minimum value 

of the wing profile drag - the basic pro

file drag - corresponds to the design lift 

coefficient . Similarly, a flow condition 

can be defined for minimum profile drag 

for other airplane parts; this is usually 

at a positive value of CL which is repre

sentative of cruising conditions. 

TRIM DRAG is defined as the drag due to 

rhe horizontal tailplane load required to 

ensure longitudinal equilibrium at a spec

ified center of gravity position. This 

drag component is composed of vortex-in

duced drag due to tail load and a profile 

drag increment due to elevator deflection. 

It takes into account the wing lift in

crement or reduction needed to obtain a 

given CL' resulting frcm the horizontal 

tail download or upload. 

Compressibility correction is not a pure 

drag contribution, as compressibility af

fects both the vortex-induced and profile 

drag. Most drag predictions are based on 

a low speed drag polar (M ' . 5) and a sep-

*The term "parasite drag" is not uniquely 

defined in the literature and is too arbi

trary to serve any useful purpose nowadays 



arate correction is made for compressibil

ity effects at M > .5. 

A detailed subdivision, useful for the es

timation of a drag polar, is presented in 

Appendix F, Table F-1. 

11.2.6. Bodies with internal flow 

All subdivisions treated previously are 

strictly applicable only to closed bodies 

without internal flow. The effects of en

gine power on the aerodynamic properties 

can be fairly complicated, as explained 

in some detail in Appendix F, Section 

F-5.6. If the effects of powerplant oper

ation on lift and drag are appreciable, 

lift curves and drag polars must be es

tablished for various engine operational 

conditions. In view of the limited scope 

of this chapter no details will be given 

here. The interested reader is referred to 

Ref. 1l-6 and the references mentioned in 

Appendix F. 

11.3. DETERMINATION OF AERODYNAMIC CHARAC

TERISTICS 

In order to analyze the performance and 
flight characteristics of an aircraft in 

the preliminary design stage, several 

aerodynamic characteristics must be de

termined: 

CL vs. a the lift curve 

CD vs. CL the drag polar 

c vs. CL or c vs. a (for 6 constant): 
m m e 

pitching moment curves. 

These relationships must be determined for 

the cruise configuration (en route) and 

for various flap deflection angles. In the 

case of high-subsonic speeds the Mach num

ber must also be treated as a separate 

variable. 

The abovementioned relationships are ade

quate for performance calculation and de

termination of the neutral point, with the 

stick fixed. Prediction methods and data 

can be found in Appendices E, F and G. For 

the calculation of the stick-free longi

tudinal stability the elevator hinge mo
ments must be known and additional sta

bility derivates are required for an as

sessment of dynamic longitudinal stabil

ity, lateral stability, and control prop

erties. In view of the limited space a

vailable in this book no attempt has been 

made to present calculation methods for 

these properties. Valuable standard meth

ods are available in the form of Data 

Sheets issued by the Engineering Sciences 

Data Unit (ESDU) and the USAF Stability 

and Control DATCOM (Ref.· 11-4). 

The designer may be faced with a number of 

difficulties when he tries-to predict the 

aerodynamic properties of his project: 

a. The external shape is not yet fully de

fined in th~ preliminary design stage; 

hence pressure distributions cannot be 

calculated and semi-empirical prediction 

methods must be developed. The effects of 

surface imperfections, excrescences, etc., 

must be estimated on a statistical basis. 

b. Wind tunnel measurements are sometimes 

available, but their interpretation may 

be difficult and their applicability lim

ited due to the appreciable differences 

in Reynolds number compared with free 

flight conditions. 

c. Theoretical prediction methods general

ly yield good results for conventional 

shapes, but drag due to flow separations 

and 3hock waves is very difficult to pre

dict and much remains to be done in this 

field for aerodynamicists. 

11.3.1. Reynolds number effects 

For each airplane configuration the opera

tional variation in airspeed and altitude 
results in Reynolds number variations. In 

the preliminary design stage only one po

lar is usually generated for each configu

ration. A representative value for R is· 

therefore chosen for each polar curve, but 

a simple refinement on this particular 

point is also possible, as discussed in 

Appendix F, Section F-3.2. 
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11.3.2. Mach number effects 

A more fundamental difficulty is how com

pressibility effects on drag have to be 

taken into account. The critical Mach num

ber McrD' at which a sharp increase in the 

drag occurs (drag rise), as defined in 

Section 7.5.lb may be used to characterize 

the drag due to compressibility. For Mach 

numbers up to this value the drag incre

ment is referred to as the drag creep. An 

arbitrary mathematical representation 

take the following form: 

may 

McrD -M~-1 
n~ 

for M s; M 
crD 

(ll-5) 

while the drag rise can be represented as 

follows: 

for M ;. M 
crD 

(11-6) 

These expressions, like the symbols n and 

~M, have no physical significance, but 

they can be used to approximate the actual 

shape of the drag curve (Fig. ll-3). A 
suitable combination of ~M and n can be 

derived from experimental data, if avail

able. Assuming, for example, ~M = .05 and 

n 2.5, it is found that dCD/dM = .10 for 

M McrD· In this case the two definitions 

025 
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of Mer given in Section 7.5 are identi
cal. D 

11.3.3. Low speed polars 

The aerodynamic characteristics for the 

configuration with high-lift devices in 

various positions and undercarriage up or 

down must be available before we can ana

lyze the low-speed performance. Estimation 

of these characteristics on a basis of 

theoretical analysis is usually not pos

sible in the conceptual design stage and 

the designer must rely on semi-empirical 

procedures. A fairly complete survey of 

this subject is presented in Ref. ll-15, 

while some prediction methods have been 

summarized in Appendix G. The designer 

must be prepared to accept considerable 

inaccuracy in the results of these hand

book-type methods and it is very desirable 

that wind tunnel experiments are made a

vailable as early as possible in the de

velopment stage. 

Calculations of low-speed polars (under

carriage up) for a hypothetical design 

presented in Fig. 12-1 have resulted in 

Fig. ll-4. Drag due to engine failure is 

not included in this figure but it is im

portant for takeoff and approach climb 

performance in the case of an inoperative 
outboard engine. Some information on this 

subject is presented in Section G-8 of 

Appendix G. It has been found convenient 

Fig. ll-3. Drag rise of 

a long-range aircraft 
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Fig. 11-4. Lift-to-dr.ag·ratio for the de

sign in Fig. 12-l. 

to consider the induced drag of the verti

cal tail due to the associated side force 
to be equivalent to a loss of thrust, by 
multiplying the thrust available by a fac

tor: 

"' thrust - 1\drag 
thrust 1- constant.~ CL (11-7) 

For the project shown in Fig. 12-1 a typ

ical value is .92 at v 2 . Hence, the asym

metric drag is equal to 8% of the total 

thrust in this condition. 

11.4. THE FLIGHT ENVELOPE 

The main background to this subject is 

found in: 

FAR 23.335, 23.1505, BCAR Section K Ch. 

K3-2 and K7-2 for light aircraft; 

FAR 25.335, 25.1505, BCAR Section D Ch. 

D3-2 and D7-2 for transport aircraft. 

The determination of performance capabil-

ities is preceded by a proper choice of 

the operational variation of flight speeds 

and altitude·- an example is given in Fig. 

11-5- referred to as th' flight envelope. 

The following definitions refer to jet 

transports. 

a. Maximum Operating Limit Speed (VMO) or 

Mach Number (MMO) is the EAS, CAS or Mach 

number (whichever is applicable to the al

titude) which should not be exceeded in 

any flight regime. It is so selected that 

the aircraft remains free from buffeting 

or undesirable flying qualities associated 
with compressibility up to this speed. VMO 

must not exceed VC. 

b. The Design Cruising Speed (Vel is the 

maximum EAS in level flight at which the 

structure is designed to withstand partic

ular loads specified in the airworthiness 

regulations, e.g. a gust load at 50 ft/s 

(15.3 m/s) vertical gust velocity. 

VC must be high enough to permit economic 
climb and cruise performance, but low e
nough to avoid excessive structure weight 

nenalties in order to cater for gust loads. 

At high altitude VC becomes related to the 

ALTITUDE ( ft I 

Fig. 11-5. Example of a flight envelope. 
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design cruising Mach number for optimum 
long-range cruise capability. A calcula

tion should be made of the maximum speed 

in cruising flight, using a performance 

diagram (Fig. 11-6), for various atmos-

.10 

0/W 
T/W 

.09 

altitude : 9,150 m 
weight 90,000 kg 
max. cruise thrust D/W 

I 
I 

I 

o/w 
I 

I T/W 

with 

.07 

M 

Fig. 11-6. Determination of the cruise 
speed 

pheric temperatures and altitudes - see 

also Fig. 5-10. The choice of vM0;~0 at 
cruising altitude must be such that high

speed cruise conditions are not unduly 
limited by this placard speed. For high

subsonic jet aircraft VMO usually becomes 

limiting at altitudes below 20,000 to 

25,000 ft (6,000 to 7,500 m). 

c. The Design Diving Speed (V0 ) or Mach 

number (M0 ) is the maximum speed (EAS, CAS) 

in level flight at which the structure is 

designed to withstand particular loads 

specified in the airworthiness regulations, 

e.g. a gust load at 25 ft/s (7.55 m/s) 

vertical gust velocity. It must be suffi

ciently greater than VC to provide for safe 
recovery from inadvertent upsets at VC. 
The margin M0 - ~O is generally of the 
order of .05 to .08 for aircraft cruising 

at high-subsonic speeds. It has to be shown 

by analysis that the aircraft is free from 

undamped flutter vibrations up to 1.2 v0 • 

d. The stalling speed VS is the minimum 
speed with power off, encountered in the 

stalling maneuver referred to in Section 
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5.4.4. (flaps up or down). It is accept
able to assume VS to be about 94% of the 
1-g stalling speed, if a significant re

duction in the stalling speed relative to 

vs-1g is anticipated. 
It should be noted that VS increases with 

pressure altitude. Due to the increasing 

Mach number at the stall, compressibility 

effects will reduce CL-max at high alti

tudes and therefore VS is not a constant 

EAS for mcst high-speed aircraft. 

e. For pressurized aircraft a limit is im

posed on the cruising altitude by the max

imum pressure differential for which the 
cabin structure and the pressurization 

system are designed: 

~Pc = ambient static pressure -

cabin pressure (11-8) 

This quantity is normally chosen such that 
at normal cruising altitude the cabin 

pressure is equivalent to a pressure alti

tude of approximately 6,000 ft (1,830 m), 

i.e. 6 = .80 in the ISA. Hence, 

(11-9) 

The maximum allowable cabin pressure alti

tude is 8,000 ft (2,440 m) ,i.e. 6 = .67 in 
the ISA. Thus the maximum altitude limited 

by the cabin design is defined by 

( 11-10) 

f. Diagrams for maneuver and gust loads vs. 

EAS, referred to as q-V or n-V diagrams, 

can be drawn once the design airspeeds 

have been determined. The conditions for 

defining the gust speeds, design speeds, 

and normal load factors are defined in the 

airworthiness regulations, FAR 23.321-341, 
25.321-341, BCAR Ch. 03-2 and Ch. K3-2. 
The maneuver load factor is a simple 
straightforward function of the aircraft 

All-Up Weight for the appropriate air
worthiness category. The gust load is de

termined by: 

(7-23) 



The lift-curve slope dCL/da can be obtained 

from Appendix E, Section E-4.1. It is af

fected by the compressibility of the air. 

The gust alleviation factor Kg can be taken 

from the rules if better methods are not 

available to the designer. Critical condi

tions for the gust loads are frequently 

met at an altitude of about 20,000 ft 

(6,000 m) with approximately 50% of the 

fuel load burnt off. 

11.5. FLIGHT PROFILE ANALYSIS AND PAYLOAD

RANGE DIAGRAMS 

Range performance has a direct effect on 

the transportation costs through the aero

dynamic quality of the aircraft and its 

engine characteristics. The payload-range 

diagram- explained in Section 8.2.3. -

must be drawn to check whether the spec

ified performance aims can be achieved 

with the MTOW assumed previously. 

Fig. 11-7 shows a typical breakdown of the 

Stage range 
230n.miles 

Fig. 11-7. Typical fuel breakdown for an 

executive aircraft (Ref. SAWE Paper No. 

996) 

total fuel load for an executive aircraft. 

For civil operations the basic mission 

profile analysis for a specified stage 

length can be carried out with the data 

of Table 11-1. Minimum fuel reserve loads 

are specified in FAR 91.23 (IFR operations) 

and 91.207 (VFR operations), but in air

line practice the quantity of reserve fuel 

is usually larger. Typical policies are 

given in Table 11-2. 

In the next part of this section it is as

sumed that the principles of flight me

chanics and performance calculation are 

known or at least available to the reader. 

A selected list of publications on this 

subject can be found in the references. 

11.5.1. Operational climb 

In view of the limited equivalent cabin 

rate of climb and the general desirability 

of obtaining a high block speed, the oper

atio~al climb speed is usually taken 

greater than the speed for maximum rate of 

climb. A climb at constant EAS results in 

a steadily increasing TAS and M with in

creasing altitude. Above a certain alti

tude it will be necessary to continue the 

climb with constant M in order to avoid 

undesirable compressibility effects. 

For small climb angles the rate of climb 

is given by: 

C = (T - D) V 

W(1+~dV) 
g dh 

(11-11) 

The correction term for accelerated flight 

depends on the flight procedure. For 

flight in the ISA, it can be shown that: 

V dV 
.5668 M2 - EAS constant~ trope-g dh 

-.1332 M2 - M constant sphere 

. 7 M2 - EAS constant~ strata-

0 - M constant sphere 

Similar corrections for flight at constant 

CAS can be obtained from Ref. 11-23. The 

operational climb is computed by means of 

a step-by-step calculation procedure, for 

an appropriate engine rating which is usu

ally specified by the engine manufacturer. 

11.5.2. Cruise performance 

In view of the large number of variables 

associated with cruising in various oper

ational conditions (weight, altitude, 

speed, engine rating) it is desirable to 

carry out the analysis using nondimension

al parameters. This will be shown here for 

jet aircraft, but the reader may work it 

out for propeller aircraft, if desired. 
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PROFILE ! PERF()JUIANCE ENGINE 
ALTITUDE SPEED REQUIRED 

REMARKS SEGMENT I CONFIGURATION POWER/THRUST DATA 

GROUND ------r -,-
0 ft - Time: 

I) 
MTOW/MLW 

1 as required T I) ATA '67: 
MANEUVER I gm 

(gm) flaps down u- .02 Fuel: F 
I) 

14 min. around idle + 
--

t~k~;;:;:. - I 0~35 ·----· ------- gm 
TAKEOFF MTOW ft 0 to Distance: 0 I min. takeoff 

t.o. flaps ! all ·engines v2 + 10 lc.ts 
i ---- - --- -------- ---------- -

INITIAL t.o. flaps, takeoff, I 35-400 ft v2 + 10 kts Time: Tto 2) below 10,000 ft vel may 

CLIMB AND 
u.c. up all engines I not be more than 

I accelerate to Fuel: Fto 
ACCELERATE flaps i400-2,000 ft 1.2VS(flaps up) 

250 kts (lAS} 
retracting ; Distance: D 3) - max. cabin rate of -------- I accelerate tO-f- to 

max. ' 2,000 ft climb: 300 f p m 
I v 2l 3l Time: Tel 

- at hiah altitude 
EN ROUTE en route operational • cl climb at Mel, 

CLIMB TO CR. climb 2",000 ft to vel 
2) 3) 

Fuel: Fcl 
cruise 

4) cruise altitude SfJCh 
ALTITUDE, 

altitude 
and ace. to Distance: Del 

thatc • b cl +0 des <D ct 
ACCELERATE (ell v 

cr 

as required, cruise alt.f~ V (M ) Time: T •D /V 
CRUISE en route lon -ran e: cr cr cr cr cr 

5) Dcr•I.02 x actual 
g g 'long-range up to max. 

Fuel: F (cr) max. of two • cruise distance cost-econ. 
cruise step clinbs cr 

or high- speed 
Distance: D + 20 n m 

cr 
DESCENT en route flight idle cruise alt. 2)6) Time: Tdes 6) Cabin rate of 

to 15,000 ft vdes 
max. 

AND descent 300 f pm 

DECELERATE flap as required 15,000 ft to initial Fuel: Fdes 6cr -edes ' 40 appro. 3.500 ft speed (des) below IO,OOOft for 3° 
appro. 

Distance: 0des 
(6=-fuse lage inclination 

LANDING landing flap, glide slope 3.500 ft to final appro. angle) 
u.c. down 0 ft speed to 0 

AIR Time: T 
7) 

7) Tam • 6 min 
en route 

as cruise v 
am 

MANEUVERS required cr B) 8) F am • (T .,.'Tcr) F 
(am) 

Fuel: F 
am 

cr 

Distance: 0 

Table 11-1. Typical basic flight profile analysis, transport aircraft (Refs.: ATA '67 
method, SAWE Technical Report 619) 

DOMESTIC :JPERATIONS (up to 3,000 n m ) 

ATA '67: 
1. Fly for I hour at normal cruise altitude 

at~fuel flow for end of cruise weight, 
speed for 99% of maximum range speed. 

2. Exercise a missed approach and climbout 
at destination. 

3. Fly to and land at alternate airport 
200 n m distant. 

OTHER PROCEDURE 
1. Execute missed approach at destination 

airport. 
2. Cruise to alternate airport 200 n m 

distant at cruise speed used in basic 
mission (altitude optional). 

3. Hold at alternate airport for 45 
minutes, altitude I ,500 ft. 

4. Descend and land at alternate airport. 
5. Contingency fuel equal to 50% of holding 

fuel. 

Table 11-2. Typical reserve fuel poli
cies 
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INTFRNATIONAL OPEK.i.1IuNS (above 3, 000 n m ) 

WITH ALTERNATE (ATA '67): 
I. Continue flight for time equal to 10% of basic 

flight time at normal cruise altitude and speed 
for 99% maximum range. 

2. Execute missed approach and climbout at 
destinate airport. 

3. Fly to alternate airport 200 n m distant. 
4. Hold at alternate airport for 30 minutes at 

1,500 ft above the ground. 
5. Descend and land at alternate airport. 

WITHOUT ALTERNATE: 
ContinUe basic flight profile for two hours. 

Conditions for flight to alternate airport and 
holding: 
I. Cruise thrust or power setting may be equal to 

99% of max. subsonic range;· cruise speed used 
in basic mission (Table Il-l). 

2. Holding thrust or power setting shall be for 
maximum endurance or II 0% of min. drag or power 
sPeed, whichever is greater. 

3. Cruise altitude shall be optimum for best range, 
except that it shall not exceed the altitude 
where cruise ditance equals the climb plus 
descent distance. 



Assuming steady horizontal flight, the lift 

coefficient is 

W/S _ w 1 wto/S wto/S w 
CL~ ~ypM2-6Wto M2 \ypo ~ hPo fl(6Wto,M) 

(11-12) 

W/ -1,000NM 
13 

l 
12 

A general expression for the drag polar 11 

(Fig. 5-6) is: 

(11-13) 

The thrust required is obtained from the 

condition T ~ D, hence 

(11-14) 

For a given engine the nondimensional per

formance can be specified as follows: 

T ~ f (_E_,M) (11-15) 
oTto TIS 

CT N 
(11-16) fc<-,M) 

18 18 

and the specific fuel consumption is ob

tained from these equations by eliminating 

N/18: 

(11-17) 

The effects of intake losses, bleed air 

takeoff, and power extraction are ignored 

in this elementary analysis, which is 

probably not acceptable in practice. Fi

nally, the range parameter V/F is found by 

combining (11-12) through (11-17): 

It is thus possible to represent the spe

cific range for all cruise conditions in 

the form of a set of curves, as exempli

fied by Fig. 11-8. 

The distance flown in cruising flight is: 

We/Wto 

R j w¥d(-~n W/Wt0 ) 

(11-19) 

10 

9 

-:'.so .85 

Fig. 11-8. Generalized range performance 

of a long-range jet transport 

where WV/F is given by (11-18). Different 

cruise procedures can be assumed, e.g. 

flight at constant Mach number, constant 

engine rating, or constant lift coeffi

cient, resulting in slightly different 

ranges for a given fuel weight. With the 

initial conditions known, the range can 

be computed numerically for several values 

of We/Wto or, alternatively, the cruise 

fuel required for various distances can 

be determined. 

11.5.3. Descent 

The procedure for analyzing the descent 

(Table 11-1) is based on several assump

tions regarding the descent speed, the 

use of airbrakes, and engine ratings. It 
may be argued that in the pre-design stage 

several assumptions cannot be substan

tiated and a simpler approach may be ac

ceptable. A good approximation is usually 

found by assuming that the amount of fuel 

used in a descent over a given distance 

is equal to the fuel used during an ex

tended cruising flight over the same dis

tance. The time to descend is derived di

rectly from the assumed cabin rate of 

descent, taking into account the permitted 

slope of the cabin floor. 
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11.5.4. Payload-range diagram and block 

time 

If the cruise distance is varied, the block 

time and total trip fuel are obtained as a 

function of the trip distance by adding of 

the contributing items in Table 11-1. The 

weight of reserve fuel may now be computed 

on the basis of assumptions concerning the 

reserve fuel policy (Table 11-2). 

The total fuel weight is subtracted from 

the Useful Load* to obtain the payload vs. 

range diagram, which is frequently pre

sented both for long-range and for high

speed cruise conditions (Fig. 11-9). Pay-

.t> 

"j 
1 60000 

l 40000 

~ 
~ 20000 

! 
rr: 

that climb performance is defined for con

stant CAS; for low-subsonic speeds this is 

approximately equivalent to constant EAS. 

The maximum rate of climb must be deter

mined by a numerical process as the sim

plifying analytical process, assuming 

thrust or power available to be invariable 

with speed, usually leads to considerable 

errors. 

The minimum time to climb to a specified 

altitude can be approximated by 

h 

I 
0 

dh 

cmax 
(ll-20) 

where Cmax is the maximum rate of climb 

for the particular altitude. However, Cmax 

is frequently defined for a constant CAS 

(or EAS) and this does not necessarily 

result in the optimum climb procedure. 

The energy method in Ref. 11-23 is the 

most practical procedure ~or obtaining 

~--,d~--~~--~.--,~--~~--~~--.. 35'00 accurate results. 00 
Range- nautical miles 

Fig. 11-9. Payload-range diagram for the 

Airbus A-300B 

load-range diagrams (example in Fig. 11-9) 

must be compared with the design require

ments and a decision made whether to alter 

the MTOW or not. Any such corrective ac

tion will have farreaching consequences 

on all calculations carried out previously, 

particularly the structural weight pre

diction and the loading and balance of the 

complete airplane. 

11.6. CLIMB PERFORMANCE 

11.6.1. Maximum rate of climb, time to 

climb, and ceilings 

For most conventional subsonic aircraft 

the angle of climb is limited to roughly 

10°-15° and (11-11) can be used to compute 

the rate of climb as a function of the 

flight speed. The usual assumption is made 

*see Section 8.2. 
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Absolute and service ceilings are defined 

as those altitude where cmax 0 and 100 

ft/min (.5 m/s), respectively. The ceiling 

is found by computing Cmax for several al

titudes and plotting this result vs. the 

altitude. For multi-engine aircraft the 

ceilings are determined with all engines 

operating and with one engine inoperative. 

The results must be compared with air

worthiness and operational requirements. 

11.6.2. Takeoff and landing climb 

As stated in Section 5.4.3., airworthiness 

requirements for each airplane category 

specify the minimum permissible climb per

formance, with and without engine failure. 

A summary for turbine-powered transport 

aircraft is presented in Table 11-3. Al

though these data pertain to the FAR 25 

regulations, the equivalent BCAR Section D 

requirements are very similar. 

The takeoff climb is divided into a number 

of nominally distinct segments, all with 

engine failed (Fig. K-1 of Appendix K): 

a. A first segment, virtually defining a 

climb potential immediately after liftoff, 



AIRPLANE CONFIGURATION MINIMUM CLIMB GRADIENT 

PHASE OF FLIGHT 
engine _I speed 

% 
flap u. c. altitude N =2 N =3 N =4 

thrust (power) 
e e e setting 

-
TAKEOFF CLIMB POTENTIAL 

I) ("first segment 11 ) t .o. • t .o. VLOF D-+h 0 . 3 • 5 uu 

TAKEOFF 11 second segment 11 t,o. t u t .o. v 2) h .. 400 ft 2. 4 2. 7 3.0 " 2 uu 0 
FLIGHT PATH 

~ final takeoff en 
t -~ 

max. 
V~I.25VS 40(}+1 ,500ft I, 2 1.5 1.7 

("third segment 11 ) route "" cont. 
~ 

approach)) 
~ 

01) APPROACH CLIMB POTENTIAL t " t .o. V,I •. Sv5 2. I 2.4 2. 7 0 

all engines LANDING CLIMB POTENTIAL landing • takeoff 4 ) 
v~ 1. 3v5 

01) 3. 2 3. 2 3. 2 

Nomenclature: 

VLOF - liftoff speed I) out of ground effect 

v2 takeoff safety speed 
2) defined in Section 2 of Appendix K -

VR - rotation speed 3) flap setting such that vs ' 1.10 vs for landing 

vs - stalling speed 4) more precisely: the engine power (thrust) available 

u. c. - undercarriage posit ion 
8 seconds after throttle opening to takeoff rating 

h - height at which u.c. 
5) takeoff requirements are at actual weight, other 

uu 
requirements at landing (touchdown) weight retraction is completed 

N - number of engines per a/c e 

Table 11-3. Summary of climb requirements for turbine-powered transport category air

craft (FAR 25) 

while the undercarriage is still extended 

and high-lift devices are in the takeoff 

position. The generally favorable effects 

of ground proximity on climb performance 

are disregarded. 
b. A second segment, extending from the 

point where the undercarriage is retracted 

up to 400ft (120m). During this phase 

the high-lift devices are in the takeoff 

position, the engine(s) operate(s) at 

takeoff rating. 

c. A third segment, extending from 400 ft 

(120 m) to a height of at least 1500 ft 

(450 m), during which the airplane is ac

celerated, flaps retracted and engine 

power (thrust) reduced to the maximum con

tinuous rating. 

Minimum permissible climb performance is 

also specified for the approach and land

ing configuration (Table 11-3): 

a. The approach climb potential, applying 

to the approach configuration with one en

gine inoperative. For a specified landing 

weight this requirement may limit the flap 

deflection angle in the approach, and as a 

result of this the landing performance 

will be affected since there is a relation 
between the stalling speeds in the approach 
and landing configurations. 

b. The landing climb potential is intended 

to ensure safe wave-off and climbout after 

a baulked landing. In view of the rapid 

response of modern turbo engines, this re

quirement is usually not critical. 

The available angle of climb is determined 

from the relationship: 

tany (11-21) 

assuming that the effect of acceleration 

due to flight with constant CAS is negli

gible. For a specified position of the 
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high-lift devices and ambient conditions, 

the available y may be computed for vari

ous values of the takeoff weight, taking 

into account the variation of stalling 

speed with weight. For each gradient re

quirement a weight limit is thus obtained, 

defining the condition in which the a

vailable climb gradient equals the minimum 

required value. The results are usually 

presented in the form of Weight limits for 

variable Altitude and Temperature, usually 

referred to as WAT curves (Fig. 11-10). 

~ 120 

~ 
~ 
:r: 110 

"' ~ 
u..tao 

§ 
:! 

90 

80 I FLAP ANGLE 25"1 

6'oo-'>J 

~'b 
'eq, "' 

.?.,0 'I) o, 
~'b 

pressure altitude (field)/ 0 '1) 

70.~--~~--~~~~==~~~~~--~7---~. 
-20 -10 +10 +20 +30 +40 +50 

AMBIENT TEMPERATURE -.. °C 

Fig. 11-10. I~AT curves for the aircraft 

shown in Fig. 12-1 

The following additional points may be mentioned. 

a. Appropriate drag penal ties must be accounted 

for in the engine-failure case (Appendix G, Sec

tion G-8). 

b. In the case of a takeoff climb gradient limit 

the flight speed may be increased above V 2 -min 

(Appendix K); this will usually improve the climb 

gradient, particularly for jet aircraft. However, 

owing to the connection between v 2 and the takeoff 

performance, the required field length will pro

gressively increase. 

c. In cases where the takeoff weight is unduely 

limited by the WAT requirements - on high and hot 

airfields - it will be appropriate to investigate 

the possibility of several intermediate positions 

of the high-lift devices. 

11.7. AIRFIELD PERFORMANCE 
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11.7.1. Takeoff field length 

Analysis of the takeoff characteristics is 

the most complicated item of performance; 

this applies particularly to transport 

aircraft, where the possibility of engine 

failure must be considered. Detailed con

sideration is given to this subject in Ap

pendix K. For small aircraft the matter is 

much simpler and it is left to the reader 

to translate the requirements into a prac

tical process for computating the field 

length required. The main differences in 

relation to transport category airplanes 

are as follows: 

- the takeoff height is 50 ft (15,24 m), 

the takeoff safety speed is 1.3 VS (FAR 

23)' 

- emergency braking is not considered (FAR 

23) or only to a limited extent (SFAR 23). 

In order to examine the operational flex

ibility and to optimize the performance, 
the effect of several variables must be 

considered. 

a. Position of high-lift devices. 

Increasing the flap deflection angle re

sults in increased values of CL for stall

ing and liftoff; VS and v 2 will consequent

ly decrease and the takeoff run will be 

shortened. However, the L/D ratio and the 

climb gradient deteriorate, and the air

borne distance increases. For a given T/W 

ratio, an optimum flap angle can be de

fined, resulting in a minimum field length. 

The flap deflection is limited by the climb 

requirements with one engine failed (Sec

tion 11.6.2.) and for low T/W the optimum 

flap angle is not feasible (Fig. ·11-11a). 

b. Takeoff weight . 

The takeoff reference speed variation in 

relation to the stall~g speed for varying 

T/W-ratio is discussed in Section K-2 of 

Appendix K. For a specified flap angle 

three regimes can be distinguished in the 

takeoff distance vs. weight relationship 

(Fig. 11-llb): 
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Fig. 11-11. Effect of operational varia

tions on takeoff performance (a, b and c 

apply to different aircraft) 

- For moderate P/W or T/W ratios v 2 = 1.2 

VS and the field length is proportional 
2 

to VS - and hence to W/S - and to the 

thrust or power loading. Hence Sto is 

approximately proportional to w2 • 

- For high T/W (low takeoff weight) the 

margin relative to VMC forms a lower limit 

to VR and v2 . In this region it is mainly 

the P/W or T/W ratio that governs the 

field length and sto is approximately a 

linear function of the weight. 

- For low P/W or T/W ratios the second

segment climb gradient requirement cannot 

be satisfied; VR and v 2 must be increased 

relative to VS and the field length in

creases rapidly with W. For a given flap 

angle the takeoff weight cannot be in

creased beyond a value where the maximum 

climb gradients only just satisfy the min-

imum required values, e.g. for v2 equal to 

the speed for maximum climb gradient • 

In the case of a variable flap setting, 

low T/W values are possible by gradually 

decreasing the flap angle. 

c. Temperature and altitude variation. 

Increasing ambient temperatures reduce the 

air density and thrust (power)*; the field 

length is thus increased. For similar rea

sons, the field length increases with al

titude. 

The complete picture of field length vs. 

weight is shown in Fig. 11-11c, illus

trating the flexibility of the design to 

variations in operational conditions. 

11.7.2. Landing field length 

Some basic principles of landing perform

ance estimation have been explained in 

Section 5.4.6. The designer should consult 

the airworthiness requirements to define 

the operational conditions for which the 

analysis must be made. For transport air

craft the ''arbitrary'' landing distance is 

generally used, i.e. the shortest possible 

landing distance, to be demonstrated in 

ideal conditions on a dry runway, multi

plied by a factor 5/3. British require

ments additionally specify a "reference" 

landing distance, both for dry and forwet 

runways, in conditions that are represent

ative of day-to-day operation. The follow

ing refinements on the simple analysis in 

Section 5.4.6. may be introduced. 

a. The landing weight limitation must be 

established, using WAT curves, or the max

imum flap deflection determined for a 

given landing weight. 

b. The flare-out may be analyzed by a 

step-by-step type of analysis (cf. Ref. 

11-60), assuming any suitable control law, 

e.g. a linear increase of the pitch angle 

with time from the steady approach condi

tion to the touchdown. Analytical solu-

*depending upon the possibility of flat 

rating or water injection (cf. Section 

4. 4. 6 ). 
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tions may be acceptable if the accuracy 

required is not very high (Refs. 11-58, 
11-59). 

c. The flight path angle at touchdown is 

of the order of ~ degree, corresponding to 

a rate of descent of 1 to 2 ft/s (.3 to 

.6 m/s). 

d. The braked run after touchdown can be 

analyzed in much the same way as in the 

case of the aborted takeoff (Section 4 of 

Appendix K). According to Ref. 11-52, 

typical time delays are: 

2 seconds from touchdown to brake opera

tion, 

3~ seconds from touchdown to spoilers ef

fective, 

7 seconds from touchdown to reverse thrust 

effective, with a cancellation speed of 

45 - 50 kts. 
The use of reverse thrust is not permitted 

in the case of FAR 25 requirements. The 

BCAR allow the use of reverse thrust, but 
the reference factor is higher in this 

case. 

11.8. SOME ASPECTS OF OPERATING ECONOMY 

11.8.1. Economy criteria 

The operating costs of airlines are gen

erally divided into Direct Operating Costs 

(DOC) a~d Indirect Operating Costs (IOC) . 

The DOC are broadly defined as the costs 

that are associated with flying operations, 

and the maintenance and depreciation of the 

flying material while the IOC include the 

operator's other costs associated with 

maintenance and depreciation of ground 

properties and equipment, servicing, ad

ministration, and sales. 
The revenues are usually referred to the 
passenger-mile or ton-mile production. For 

a given type of operation the ratio of the 

revenues to the operating costs is af

fected primarily by the load factor, the 

actual number of seats sold as a percent

age of the seats available. For most 

scheduled airlines the average load factor 

is of the order of 50-60%. The question 
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arises as to what criterion should be used 
in the preliminary design stage to compare 

different designs on an economic basis. 

a. We can use the DOC per aircraft mile, 

which is of particular importance when 

traffic is scarce. This criterion is im

portant for a private aircraft. 

b. The DOC per seat-mile and per ton-mile, 

on the other hand, are of particular in

terest when traffic is dense. 
c. Alternatively, we may look at the num

ber of passengers needed to break even 

(i.e. DOC+ IOC = Revenue),as the ratio of 

this factor to the maximum number of pas

sengers should be as low as possible. 

d. Taking the comparison between aircraft 

still further, the total costs and the 

revenues per annum define the annual prof

itability and relating this to the invest

ment associated with the purchase of the 
aircraft yields the Return on Investment 
(ROI). This type of cost analysis is typ
ical for an operator's evaluation of a 
particular type of aircraft on his network, 

but it is seldom used in preliminary de

sign. 

e. Sometimes the profitability is approx
imated by the "profit-potential", defined 

as the area in the payload range diagram 

in which the operation yields a profit 

(Fig. 11-12). 
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Fig. 11-12. Definition of profit potential 

Although the DOC constitute only one as
pect of the economic profitability of an 

airliner or private aircraft, most atten

tion will have to be paid to this aspect, 

for the reason that several factors con-



tributino to the DOC are directly related 

to the technical conception and operation

al characteristics of the airplane and as 

such are under the direct control of the 

design team. Nevertheless the economic as

pects of aircraft operation will not be 

dealt with fully here. We will confine 

ourselves to the methods available to the 

designer to determine the position of his 

design relative to other designs or types 

of aircraft. 

A breakdown of DOC into several cost items 

can be found on Table 11-4, while Fig. 

11-13 shows the relative magnitude of the 

DOC contributions. 

It is surprising that very little general

ized information has been published on the 

subject of Indirect Operating Costs. There 

may be various reasons for this situation: 

a. The IOC are not under the control of 

the airplane designer, although he may in

cidentally wish to estimate roc in order 

to assess the profitability of an airplane 

design. 

b. roc will be affected by the operator's 

type of organisation and managerial policy, 

while considerable differences in passen-

Fig. 11-13. Typical DOC breakdown (1967 

ATA method, at design range = 2880 nm, 

from Ref. 11-92) 

ger servicing can also be observed between 

operators. 

c. Published data are very scarce and a

vailable essentially only for aviation in 

the United States. 

A subdivision of roc is presented in Table 

11-4; a statistical estimation method is 

published in Ref. 11-82. 

DIRECT OPERATING COSTS 
I) INDIRECT OPERATING COSTS Z) 

FLYING OPERATIONS MAINTENANCE - GROUND PROPERTY AND EQUIPMENT 

flight crew costs direct maintenance 

fuel and oil maintenance burden 

hull insurance costs SERVICING - FLIGHT OPERATIONS 

DIRECT MAINTENANCE - FLIGHT EQUIPMENT passenger service 

labor - airplane aircraft servicing 3) 

material - airplane traffic servicing 

labor - engine ADMINISTRATION AND SALES 

material - engine servicing administration 

DEPRECIATION - FLIGHT EQUIPMENT reservation and sales 

advertising and publicity 

general administration 

DEPRECIATION - GROUND PROPERTY AND EQUIPMENT 

NOTES 

I) Subdivision according to ATA-method 

2) Subdivision according to the Aeroplane, Dec. 22, i966, page 14 

3) Including landing fees; in other subdivisions this item is considered as part of the DOC 

Table 11-4. Subdivision of operating costs 

383 



.1)<0 

.oos 

j : =-~ --~~-- ~--11-----1------1 
& -
g 0,. L~A~----L------L------~-----L------~----~ v 

Fig . 11-14. Direct Operating 

Costs of two versions of the 

Fokker F-28 (1973 data) '""' f AA 1A 11eld leng1~ - retl 

35 

l-+--
T 

1- -
r r ~ ... 2000 

I - • Mk 6000 

~l- I I 
' .. ,. ,,.,,.pUon~ : Af~1S'/, I _ I 
I S~Mres 1--

~ I Oepre<:tlhOn ptriOCI 12ytt.llfS 
Re$ldval ~•lut 15•t. 

' I 54/t ol AJC j)rtC:t -ln-turance 

.. 3 

. Mlil'\ltl'\lf\(t (u'\CI burden) US S 100 - per /'lour 

Crtw US S 90- ~r hour 

lil Fuel US S0 12 per US ljl-111 
Annual ut•l•llhOI'\ 3.000 bloc.k !'tours 

l ~ 
--~· -~\J~.; DOC per seat nm 

./ v 
~~ - [ 5 ' ~ -
lS,:: - 5 - ...; DOC per •11(1~1 l'lt!'l 

- - - - -J -

10 

Range • 100 nm 

11. 8. 2 Estimation of DOC for preliminary 

design 

The objectives of a standardized method 

for the e stimation of aircraft operating 

costs are: 

a. t o pro vide a ready means for comparing 

the operating e c onomics of competitive 

aircraft and / or aircraft designs under a 

standard set of conditions, and 

b. to assist airlines and the aircraft 

manufac turer in assessing the economic 

suitabili t y o f an airplane for operation 

on a given route. 

Standardi z ed methods have been developed 

by the Soc iety of British Aircraft Con-
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structors (Ref. 11-68) and the Air Trans

port Association of America (Ref. 11-83). 

The 1967 ATA Direct Operating Cost predic

tion method is frequently employed as the 

basis for the presentation of cost data. 

Such design and economic criteria are use

ful principally for establishing first

order trends and will be of little help in 

designing the aircraft. An example of an 

economic comparison between two versions 

of the Fokker F-28 Fellowship, based on the 

ATA formula, is presented in Fig . 11-14. 

The DOC is usually expressed as a function 

of the stage length, primarily because the 

block speed is a function of range. For 

short ranges the block speed and the pro

ductivity decrease, while the increased 

ground maneuver time has an unfavorable 

effect on utilization. The cost per air

craft mile and the number of passengers 

rise sharply at stage distances below ap

proximately 200 nm . 

CREt~ COSTS form a substantial part of the 

DOC, but are essentially outside the con

trol of the designer. 

FUEL AND OIL are directly affected by the 

aircraft and engine performance, but also 

by the fuel price, which varies signifi

cantly geographically and with time. It is 

not necessary to dwell here on the recent 

(1974) fuel cost explosion, which has en

tailed considerable difficulties for many 

o perators. 



MAINTENANCE COSTS have been based tradi

tionally on such parameters as airplane 

empty weight, engine thrust and airframe 

or engine initial cost. It should be noted 

that the correlations used in the ATA 

method are purely statistical. There is no 

direct relationship, for example, between 

the aircraft weight and ease and cost of 

maintenance. On the contrary, provisions 

intended to simplify maintenance by means 

of improved accessibility will tend to in

crease the empty weight, but this will re

sult, wrongly, in increased maintenance 

costs if the ATA method is used incorrect-

ly. 

Ideally, the maintenance cost item should 
be broken down into various components, as 

systems vary widely in their maintenance 

costs, partly due to their difference in 

complexity and sensitivity to hourly and 

cyclical effects. A typical example is en

gine maintenance, which appears to be very 

sensitive to the complexity of the engine 

and the TET (Ref. 11-95), while the in

troduction of a new category of engine 

will also entail higher maintenance. 

DEPRECIATION, like insurance, is in real

ity an annual cost. In the ATA-67 method 

the appreciation period is taken as 12 

years. The lifetime of the aircraft, in 

terms of both flying hours and flight cy

cles, must obviously exceed this period. 

UTILIZATION is principally affected by the 

elapsed time during which the airplane is 

on the ground due to traffic requirements, 

loading, unloading and refueling, and reg

ular maintenance, and due to delays caused 

by the weather and unscheduled maintenance. 

Utilization is also affected by the air

line's network and flight planning. The 

general trend given in the ATA method is 

a curve of annual utilization vs. block 

time, showing a variation between 3,000 hr/ 

year for a block time of one hour, to 

4,500 hr/year for a block time of 8 hours. 

If the number of flights per day is fixed, 
however, the utilization is proportional 

to the block time. It should be noted that 

measures to improve the utilization, e.g. 

by reducing the air maneuver time, transi

tion time between two flights, etc., are 

not reflected in the statistical correla

tion. To appreciate potential improvements 

in utilization, a detailed assessment must 

be made of the effects involved. 

AIRPLANE COSTS (engines included) are the 

other primary factor governing the depre

ciation costs, which must be estimated in 

the preliminary design stage. As in the 

case of weight estimation, various degrees 

of detail may be aimed at, varying from a 

first-order statistical relationship of 

the type given in Fig. 11-15, to a de

tailed initial cost breakdown drawn up by 

the factory's cost accounting department. 

A decision must be made on the number of 
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Fig. 11-15. Aircraft prices 
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b. Prices of ·transport category 

aircraft 
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OPERATIONAL EWTY WEIGHT-1000 LB Fig. 11-15 . (continued) 

aircraft to be produced. Attempts to gen
eralize on (military) aircraft and engine 
first cost have been reported in Refs . 
11-71, 11-76 and 11-79 . 
The data in Fig. 11-15* give rise to the 
followi ng observations. 
a . The cos t o f light piston-powered a i r 
craft increases approximately with the 
square of the empty weight from $10 per 
lb ($22 per kg) at 1000 lb (450 kg) empty 
weight to $50 per lb ($110 per kg) at 4,500 
lb (2,000 kg) empty wei ght, approximately. 
The main reason for thi s t rend is t he in
creasing complexity of structural design, 
powerplant , equipment and accommodation . 
The fully equipped price is approximately 
20% above the basic price. 
b . Jet-prope lled transport aircraft cost 
be tween approximately $1 20 per lb ($265 
per kg ) of empty weight f o r t he smaller 

*Price l evels are for t he 1973- 1975 pe riod. 
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types to $100 per lb ($220 per kg) for 
large transports. This level is fairly· 
constant due to the comparable degree of 
complication and sophistication of these 
a ircraft, irrespective of their size. 
c. Jet- pr opelled business aircraft form 
the costliest category; their price de
pends particularly on the type of interior 
and completeness of the equipment and may 
go as high as $160 per lb ($350 per kg). 
d. Turboprop transport aircraft cost ap
proxi mately $80 per lb ($176 per kg) of 
empty weight. 

A word of warning is appropriate when Fig. 
11-15 is used. There is no explicit func
tional relationship between aircraft .weight 
and firs t cost. Structure weight, for ex
ample, may be reduced by the use of spe
cial manufacturing methods or mat erials, 
but t his will generally raise the costs in
stead of reducing them, contrary to what 



might be concluded from the figure. On the 

other hand, putting more sophisticated e

quipment into an aircraft will raise both 

its empty weight and its cost, but the 

cost will increase more rapidly than the 

weight. 

For transport-type aircraft profitability 

is a major economic factor and it can be 

argued that the price level will be re

lated not only to the costs of the tech

nical development, but also to the pro

ductivity. Hence, instead of plotting the 

aircraft first costs vs. the empty weight, 

attempts can be made to correlate first 

costs with the product of payload and 

cruising speed, as this factor affects 

revenue to a considerable extent. Other 

refinements may also be justified, such 

as breaking down the aircraft first cost 

into airframe costs and engine costs. In 

any case the cost level expressed in $ per 

unit of empty weight must be used with 

great care. 

The designer should be reluctant to compare the re

sults of the ATA formula with actual airline costs 

as reported to the CAB. Standardized methods do not 

take account of factors such as fleet size, fleet 

mix, route structure, actual winds encountered, 

variations in labor rate and fuel costs with time*, 

etc., all of which can have a significant effect 

on costs and will vary from one airline to another. 

In view of the limited applicability of standard 

methods in general a number of restrictions must 

be placed on their use: 

*At the time of writing this chapter (1975) 

the general situation is that the ATA-67 

formula underestimates crew costs by about 

40%, and fuel prices have more than doubled 

since 1967, while maintenance costs are 

overestimated by 30%, depreciation by 25% 

and insurance by 100% (approximate figures). 

a. If absolute levels of OOC are required for cow· 

paring study airplanes with operational airplanes, 

or for distinguishing between airplanes with dif

ferent numbers of engines, generalized methods are 

generally inadequate. 

b. Misleading information may be produced as to the 

relative value of improvements in specific fuel 

consumption and engine specific weight when the 

ATA-6 7 method is used. 

Where incremental DOC are of main impor

tance, standard methods may have some u

tility by providing a simplified tool to 

evaluate the relative importance of air

craft and engine first costs, fuel costs 

and maintenance costs. Thus the DOC anal

ysis yields weighting factors for several 

types of studies: 

a. Certain categories of parametric in

vestigations where a decision is sought 

concerning the relative desirability of 

airplane design and sizing options - an 

example is given in Section 5.5.5. These 

cases are restricted to airplane compar

isons made on a consistent basis of tech

nology level and airframe and engine price 

level. 

b. Optimization studies of the cruising 

speed. Cruise fuel costs are minimum for 

the airspeed for maximum distance trav

eled per lb of fuel (Fig. ll-8); increas

ing the airspeed results in increased 

cruise fuel cost. However, due to a re

duced block time, the depreciation per 

flight can be reduced, provided the yearly 

utilization remains at least constant. At 

some cruise speed intermediate between the 

long-range and high-speed cruise condi

tions a minimum DOC is reached. For long

range aircraft the cost-economical cruise 

speed is close to the long-range cruise 

condition, for short-haul aircraft it is 

close to the high-speed cruise condition. 
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Chapter 12. Evaluation and presentation of a preliminary 
design 

SUMMARY 

The presentation of a preliminary design comprises layout drawings, a summary of the 
principal characteristics and geometry, and the results of a preliminary estimate of 

performance, flight characteristics and operating costs. 

This concluding chapter gives a framework for an initial qualitative assessment of the 
structural integrity and a design philosophy in the interest of low structural weight. 
A checklist is presented for completing the layout drawings and mention is made of 
points to be considered when initial conclusions have to be drawn regarding the feasi
bility and further development of a project. 
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12.1. PRESENTATION OF THE DESIGN 

The initial baseline design was character

ized in Section 1.2. as a feasible config

uration which the designer anticipates 

will satisfy the design requirements. The 

major part of this textbook is devoted to 

providing the design engineer with direc

tives for obtaining such a feasible pre

liminary design. As already indicated in 

Fig. 1-3, the subsequent elaboration of 

the design may require parametric design 

studies and the investigation of alterna

tive design solutions. The design activi

ties will subsequently be intensified in 

the configuration development phase, when 

a large engineering effort is required to 

arrive at a final detailed project defini

tion. 

The initial baseline design thus being the 

starting point for further studies, it is 

essential that all results of the design 

activities, together with the relevant 

background information, are summarized and 

incorporated in a status report. The fol

lowing documents are usually produced by a 

preliminary design department and incorpo

rated in the report in which a new design 

is presented: 

a. Layout drawings (example in Fig. 12-1) 

intended to give an impression of the de

tailed arrangement of both the interior 

and the external shape, as well as some 

of the major elements of systems and in

stallations. The location of major struc

tural elements will have to be indicated 

to make it unlikely that major problems 

will arise during the subsequent stage of 

structural design. 

b. A summary of the principal characteris

tics and geometry, including a three-view 

drawing. This summary is comparable to the 

short descriptions given in, for example, 

Jane's All the World's Aircraft. 

c. Results of a preliminary estimate of 

performance, flight characteristics and 

operating costs. 

The initial baseline design is frequently 

used during a period of discussions with 

interested potential users of the aircraft. 
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For this reason and in order to compare a 
transport aircraft design with existing 

and competitive new designs, the designer 

may a~d to the presentation a survey of 

the major characteristics of comparable 

designs. Finally, he will arrive at con

clusions as regards the suitability and 

feasibility of the design and state his 

view on how to proceed with the project. 

The presentation of a project is a stage 

in the project when the designer is in

clined to reflect on the suitability of 

the general arrangement and the overall 

integrity of the aircraft. The final sec

tions of this book are therefore intended 

to give a framework for an overall struc

tural assessment. 

12.2. EXTERNAL GEOMETRY AND STRUCTURAL 

ARRANGEMENT 

The preliminary design engineer or design 

team is not directly responsible for the 

detailed structural features of the proj

ect. However, there is a definite inter

face between the external geometry, i.e. 

the outline or outside contours of the air

plane, and the structural arrangement. Both 

have a significant effect on weight and 

weight distribution. In the early stage of 

preliminary design the basic principles of 

the structural layout must be laid down in 
order to ensure that a light structure can 

be fitted inside the external lines. Only 

the major structural elements need be con

sidered; Fig. 12-2 gives an example of the 

type of drawing defining an initial struc

tural arrangement. The design is still 

sufficiently flexible to allow certain 

modifications in the interest of a good 

general design philosophy, to be formulated 

as follows. 

a. Structural integrity of the airfr~me 

must be insured in the event of failure of 

a single primary structural element or the 

occurrence of partial damage in extensive 

structures, such as skin panels. Adequate 

residual stre~gth and stiffness and a slow 

rate of crack propagation must be ensured. 
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Fig. 12-2. Structural arrangement of an 

initial baseline design and indication of 

the basic principles (the example is a 

Hawker Siddelev HS 125 Dominie) 

b. Ease of maintenance and inspection, not 

only of the powerplant and other installa

tions, but also of the structure itself 

(Fig . 12-3) . 
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c. Minimum structural weight, involving 

an accurate assessment of loading and 

strength requirements, a functional and 

simple structural arrangement and appro

priate choice of materials. 

d . Design for a specified life of the 

structure, in terms of operational hours, 

(e . g. 30,000 - 60,000), numbers of flight 

cycles or takeoffs and landings (e.g. 

30,000). 

Most of the considerations mentioned belo~·· 

will be general statements, which may in 

some cases be incompatible wi~h othe~~on

siderations. In every design'a number 'of 

special structural problems will arise, 

but it is not an intention to deal with 

detailed problems here. Basic material 

properties will likewise not be treated 

in any detail, although the choice of the 

type of material and production methods 

becomes increasingly important. 

REDUCE LOADS ON THE STRUCTURE 

a. Place fixed ~terns outboard on the wing 

to reduce the wing load in flight. 

b. If the landing gear is mounted to the 

ll.t·-~ . a..tDCIIJII ---A.UTO .... OT'IICM'O 
.W:C:IU 

Fig. 12-3. Design 

for maintenance: ac

cessibility for in

spection, mainte

nance, and repair 

on the Hawker 

Siddeley HS 748 

(Aircraft Eng., 

Sept. 1961, page 

249) 



wing, keep it in. a position such that 

landing-impact bending and shear loads are 

not more critical than flight loads for 

most of the wing structure . 

c. Avoid mounting heavy masses to the wing 

behind the elastic axis as these may lead 
to aeroelastic problems. 

d. Place wing tanks outboard to reduce the 

bending load in level flight, but keep a

bout 3 ft (.9 m) of wing tip structure 

free from fuel, in view of the fire risk 

caused by electrostatic loads. 

e. Locate heavy masses in the fuselage 

near the e . g. to reduce the inertia loads. 

f . Tailplane loads can be reduced by keep
ing the tail arm sufficiently long . 
g. Use undercarriage legs of minimum 
length. 

h. Avoid large nosewheel loads by properly 

locating the nosewheel leg. 

KEEP LOAD PA'l'HS AS SHORT AS POSSIBLE 
a. Limit the sweep angle of the wing to 

the minimum value required. Use straight 
wing center sections and avoid any reduc
tion in wing thickness in the plane of 

symmetry, unless simplification and weight 

reduction can be achieved elsewhere (Fig. 
12-4) . 

b. Keep the support structure for landing 

Fig. 12-4. Reduction in wing thickness in 

the plane of symmetry makes it possible to 

avoid interruption of the fuselage struc
ture of the HS 125 (see also Fig. 12-2) 

gear and engine nacelles close to the pri
mary structure. 

c . Provide a continuous wing structure 

through the fuselage and avoid ring bulk

heads if other solutions are possible . 

d. To maintain structural continuity where 

the (low) wing is connected to the fuse

lage, a central keel member, extending 

over the length of the center section, may 

be used. 

e. Locate the wing root so that the loads 

from the wing shear webs can be easily 

distributed over the fuselage shell. Make 

sure that major frames do not interfere 

with openings such as emergency exits, 
windows, etc. 

f. Heavy masses or gear attachment struc
tures should not be cantilevered from bulk
heads. 

CUTOUTS AND DISCONTINUITIES 

a. Large cutouts should be kept out of 
highly stressed regions, e.g. the wing 

root or the fuselage structure immediately 

behind the wing fuselage connection. 
b. Sharp corners in cutouts must be a

voided altogether, especially in pressur

ized fuselages. 
c. The height of windows in pressure cab

ins should preferably be larger than the 
width. 

d. Locate par~s of the flight control sys

tem (cables, push rods), fuel lines, air 

ducts, etc. outside the primary wing 

structure to simplify the provision of in

spection facilities. 

e. Avoid cutouts in the primary wing struc

ture for engine intake ducts and exhaust 

pipes. 
f. Special attention must be paid to buried 

engines in view of the need to inspect and 

remove them. 

g. Avoid abrupt changes in the load path 

of wing, tail ana landing gear attachment 

to the fuselage . 

h . Try to locate wheelbays outside the 

primary wing box, particularly in the case 

of a stressed wing skin. 

j. Reduce the number of joints to a bare 

minimum, compatible with manufacturing re-

395 



quirements and maintenance considerations. 

MAKE THE STRUCTURE FUNCTIONAL AND AVOID 
COMPLEXITY 

a. Avoid complicated mechanisms employing 

tracks, rollers, etc. This applies partic

ularly to flap operating and undercarriage 

retraction mechanisms. Fig. 7-25e is a 

good example of simplicity in design of a 

highly effective flap system. An example 

in which structural complexity cannot be 

avoided is shown in Fig. 12-5. 
b. Reduce regions of compound curvature 

to a minimum and avoid doors with appre

ciable double curvature. 

c. Use configurations with low noise ex

posure to primary structural members. High 

acoustical loads on skin panels will re

sult from noise levels above 145 dB. 

Bonded honeycomb structure is suitable in 

regions of high acoustic loads due to the 

absence of rivet holes and favorable damp

ing properties. 

MAKE MEMBERS PERFORM MULTIPLE <UNCTIONS 
a. Combine wing ribs supporting the en
gine(s), landing gear, and flaps . 

b. Ensure that bending material also pro

vides torsional stiffness. 

c. Use common fuselage bulkheads to sup

port the horizontal and vertical tailplane 

carry-through . 
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d. Use existing bulkheads to divide fuel 
tank bays and for attachment of items of 

equipment, undercarriage legs, etc . 

e. Avoid an extreme number of keels, 

£loors, frames, etc. 

SAFETY 

a. Multipath and safe-life structure must 

be provided throughout in the primary 

structure of transport category aircraft. 

b. Provide adequate safeguard against 

shedding propeller or turbine blades or 

fragments of blades. Avoid primary struc

tural elements in regions that are likely 

to be struck in the event of engine or 

propeller disintegration. 

c. Main gear or support structure must not 

aamage fuel tanks in the event of a crash 
landing. 

d . Sufficient clearance must be provided 

between the loaded and deformed fixed 

structure and moving parts of, for example, 

surface controls. 

e. Flaps and elevators on both sides of 

the plane of symmetry must be intercon

nected. 

f. The engine suspension system must be 

capable of absorbing a certain percentage 

of the limit loads even after failure of 

any one link. 

0-:. 
_ ,., 

' ' 
Fig. 12-5. Complexity in 

structural design cannot al

ways be avoide d altogether 

rear fuselage and empennage 

structure of the BAC 1-11 

(Aircraft Eng. May 1962) 



12.3. LAYOUT DRAWINGS 

Detailed drawings have to be produced on a 

sufficiently large scale and to embody 

both the internal arrangement and the most 

relevant contour lines (Fig . 12-1). Sev

eral cross-sections are usually also drawn 

(Fig. 12-6). Attention must be paid to the 
following items . 

All dimensions in centimeters, except where in

dicated. 

Fig. 12-6. Fuselage cross-section for 
tourist (left) and economy (right) layout 
for the design shown in Fig . 12-1 

FUSELAGE 

Passenger cabiu : arrangement of seats, 

layout of cross-section, windows, entrance 

doors, emergency exits, lavatories, pan

tries, cloakrooms, baggage holds, over

head racks, cabin separations, and pres

sure bulkheads. 

Freight and cargo holds : dimensions, 

hatches and freight doors. 

Flight deck: location of the pilot's seat 

and instrument panel, location and ar
rangement of the windscreen, primary flight 

controls (schematic), accessibility. 

Structural layout: location of major 

frames, longerons, major bulkheads, and 

keels. 

POWERPLANT AND NACELLES 
Engines and nacelles : external lines of 

the nacelles, propeller(s), intake and 

exhaust ducts, engine mounting frames, 

pylons, panels and hinged doors for en

gine maintenance, firewalls, thrust re

versers, cooling system. Fuel tanks: loca

tion, dimensions, volume, accessibility. 

WING 

Root and tip section, leading and trailing 

edges, mean aerodynamic chord, high-lift 

devices in retracted and extended posi

tions, ailerons, spoilers, speedbrakes. 
Structural layout: provisions for engine 
and undercarriage mounting, flap and ai

leron controls, wing spars and heavily 

loaded ribs, bracing elements (if used), 

flap tracks, hinges and supports . 

TAILPLANE AND FLIGHT CONTROL SYSTEM 

Root and tip section, leading and trailing 

edges, mean chord, elevator and rudder de
flection angles, hinge location, incidence 

(range for adjustable tails). Major ele

ments of the structure and the flight con

trol system. 

UNDERCARRIAGE 

Location of the gear, wheel positions fully 

extended, fully deflected and statically 

loaded by the MTOW. Principle of the re

traction system; retracted position, wheel

bays. 

SYSTEMS 
Although systems design takes place in a 
fairly advanced stage of the design, space 

must be provided for some primary elements 

of these systems, notably those of the en

vironmental control system and the APU, 

while bays must be provided for the hy

draulic and/or pneumatic system and NAV/ 

COM equipment. 

Layout drawings for a hypothetical short

haul airliner are presented in Fig. 12-1 

t o illustrate the result of a preliminary 
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dimen- Airbus Boeing McDonnell Dassault Project 
sion A-30082 Advanced Douglas Mercure Fig.l2-l 

727-200 DC-9/30 project 

Wing span ft 147.02 107.93 93.34 100.16 132.13 
Wing area ft2 2,795 1,697 1,000 1,247 2,064 
Wing aspect ratio - 7. 71 7.67 8. 73 8.00 8.46 
Length overall ft 167.08 153.08 114.25 111.48 159.18 
Height overall ft 54.30 33.47 27.48 37.25 45.41 

Length fuselage ft 161.90 136.90 106.89 110.16 139.89 
Outside fuselage width ft 18.49 12.33 10.95 12.79 17.21 
Approx. height of cabin floor 
above apron ft 15.4 8.9 7.2 9.8 12.8 
Cabin length ft 119.67 92.59 70.98 81.47 104.92 
Cabin heigth ft 8.33 7.15 6.75 7.20 8.52 
Floor area ft2 979 645 863 1.548 
Passenger { all-tourist - 259 163 105 134 185 
accommodation high density - 286 189 120 155 235 
Total cargo hold volume ft3 4,229 1,503 892 1,181 2,467 

Powerp lant: number of engines - 2 3 2 2 3 
type - GE-CF-6-50A JT-80-15 JT-80-7 JT-8D-15 M-56-40 
SL/ISA static 
takeoff thrust lb 48,953 15,500 14,000 15,500 22,050 

Operational Empty Weight lb 176,406 101,000 55,788 63,727 123,484 
Maximum Weight Limited 
Payload lb 69,900 39,030 26,240 35,500 52,922 
Maximum Zero Fuel Weight lb 240,353 140,000 82,030 99,226 176,406 
Total Fuel Capacity lb 75,854 65,270 24,476 22,933 52,922 
Maximum Takeoff Weight lb 291 ,070 190,518 98,126 144,664 211,687 
Maximum Landing Weight lb 264,609 159,868 93,495 108,049 201,764 
Maximum Wing Loading lb/ft2 104.0 112.4 98.0 91.9 102.6 
Maximum "fhrust Loading - 2.97 4.10 3. 51 3. 70 3.20 

Maximum cruising speed kts 506 521 491 500 486 
at weight of lb 291,070 98,126 110,254 198,456 
and at cruise altitude of ft 25,000 30,000 25,000 25,000 30,000 
Cruise Mach number at these 
conditions - .84 .84 .816 .83 .825 
Maximum Operating Mach number <~o> - .86 .90 .89 .85 .85 
Maximum Operating Limit Speed 
(VMO• EAS) kts 360 390 340 380 380 

Takeoff safety speed at MTOW kts 141 159 147 132 
Approach speed at MLW kts 132 137 129 124 132 
FAR Takeoff Field Length 
at SL/ISA , MTOW ft 6,030 8,740 6,810 6,510 5,250 
FAR Landing Field Length 
at SL, MLW ft 5,840 5,330 4,920 4,740 5,110 
Maximum Payload Range 
(high- speed cruise) nm 865 1,365 910 180 738 
Maximum Fuel Range 
(long-range cruise) nm 2,240 2,415 1,465 825 1,920 
Range with maximum number of 
passengers in all-tourist 
class nm 1,185 1.,510 1,105 657 1,205 

including normal reserves 

Table 12-1. Principal characteristics of the design in Fig. 12-1 compared with present
day aircraft typ~s 

design exercise. The design specification 

of this aircraft is summarized in Fig. 1-5, 

while a three-view drawing can be found in 

Fig. 2-4. 
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12.4. CONCLUSION 

Any assessment of the qualities and char

acteristics of a preliminary design should 



be accompanied by an appreciation of other 

design projects and/or design specifica

tions of aircraft types, considered as 

competitors or types to be replaced by the 

new design. These comparisons must be made 

on the basis of a well-defined set of 

ground rules and similar methods of anal

ysis. The results of such an assessment 

constitute an essential part of the basis 

on which further decisions have to be made. 

Table 12-1 summarizes the major items to 

be considered. 
In reporting his activities, the designer 

will not only describe the most relevant 

characteristics of the design, but he will 

also pay attention to those aspects which 

he thinks are of vital importance to the 

successful further development of the proj

ect, particularly if there are reasons for 

doubts about the major predictions and as

sumptions on which tne design characteris

tics are based. The designer may also an

ticipate certain design modifications, 

worth considering in the subsequent "pa

rametric design phase" (cf. Fig. 1-3), for 

example: 

- Is the general arrangement suitable, so 

that no unsatisfactory characteristics 

have to be anticipated? The various aspects 

pointed out in Chapter 2 may be considered 

here once more. 

- Is the engine type to be installed 

matched to the airplane? In the case of 

performance deficiencies in certain areas, 

investigate whether the engine manufacturer 

is prepared to accept modifications. 

- Is it necessary to modify the main wing 

proportions, such as area, aspect ratioor 

taper ratio? Critical performance items may 

be improved in this way, without unduly 

penalizing other characteristics. 

- Is the choice of the high-lift system 

satisfactory? Only after performance anal

ysis it is possible to be conclude whether 

th~ flap system shoQld be more sophisti

ca~ed or whether alternatively, a simpli

fication may be acceptable. 

- Do opportunities exist to reduce the drag 

by improving the aerodynamic design or the 

wetted area? 

-How satisfactory is the weight breakdown? 
A final weight analysis, drawn up after 

the performance estimation has been made, 

may indicate significant differences com

pared with other aircraft. If so, an ex

planation must be sought. 

- Can any measures be indicated to reduce 

the noise production? This point will be 

of particular concern to the designer of 

an airplane type, the airworthiness stand

ards for which can be expected to be re

vised in the near future (cf. Section 

5. 5. 6.). 

Practically all decisions to be made in 

the preliminary design stage have implica

tions with respect to the operating costs 

and benefits and although a quantitative 

evaluation is not always possible, the de

signer should be attentive to improving 

the economic potential of the design. It 

is only fairly recently that much emphasis 

has been placed on the environmental as

pects. Every new civil airplane type must 

now satisfy the broad requirement that it 

will be acceptable not only to the passen

ger or the owner, but to society as a 

whole. A creative approach to any aspect 

tending to reduce noise, pollution and en

ergy, space and land requirements will be 

most welcome. 
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Appendix A. Definitions relating to the geometry and 
aerodynamic characteristics of airfoils 

SUMMARY 

This appendix deals with the most common definitions of some major geometric and aero
dynamic characteristics of wings with rounded noses and sharp trailing edges. Formulas 
and graphs are presented for calculating the Mean Aerodynamic Chord and the mean quarter
chord point for straight-tapered wings, with or without prismoidal center section. 
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Nomenclature 

A - aspect ratio 

a.c. - aerodynamic center 

b - span 

c - chord 

c - chord length of the MAC 

cg - chord length of the SMC 

c.p. - center of pressure 

e - fraction of the chord 

i - wing angle of incidence 

MAC - Mean Aerodynamic Chord 

0 - origin of system of axis (wing apex) 

S - gross wing area 

Snet - net wing area 

Swet wetted (exposed) wing area 

SMC - Standard Mean Chord 

t - maximum airfoil section thickr.ess 

X - wing axis, coinciding with root chord 

X 

X 

- coordinate in X-direction 

x-coordinate of mean quarter-chord 

point 

Y lateral axis 

y - ordinate of section, measured from 

chord line; lateral coordinate of 

A-1. GENERAL 

This appendix deals with definitions of the 

geometry and some aerodynamic properties of 

symmetrical wings. Only wing sections with 

rounded noses and sharp trailing edges are 

considered. Slender wings such as low as

pect ratio delta wings are not treated. 

Most definitions are also applicable to 

horizontal tailplanes and subscripts w or 

h have therefore been omitted. 

Various formulas will be presented without 

proof. More details and background can be 

found in the publications mentioned in the 

list of references. 

A-2. WING SECTIONS 

A-2.1. Geometric definitions 

A WING SECTION is formed by the external 
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y 

z 

z 

Ct 

a wing section, measured from X

axis 

- y-coordinate of mean quarter-chord 

point of a half wing 

- mean-line ordinate of a section 

- leading edge sharpness parameter 

- axis perpendicular to XOY-plane 

- coordinate in Z-direction 

- z-coordinate of mean quarter-chord 

point 

angle of attack 

- wing zero-lift angle 

- section zero-lift angle 

dihedral angle 

twist angle 

aerodynamic twist angle 

- geometric twist angle 

- non-dimensional lateral coordinate 

- angle of wing sweep 

- taper ratio 

semi-span (non-dimensional) of pris

moidal center section; tail angle 

Subscripts 

r - root 

t - tip 

contour of a wing cross section with a 

plane parallel to the plane of symmetry of 

the wing, or a plane perpendicular to the 

quarter-chord line. The cambered wing sec

tions of most conventional families of air

foils are obtained by the combination of a 

MEAN LINE and a THICKNESS DISTRIBUTION (Fig. 

A-1). 

Fig. A-1. Geometric definitions of a wing 

section 

The LEADING and TRAILING EDGE are defined, 

respectively, as the forward and rearward 

extremities of the mean line. 



The CHORD LINE is defined as the straight 
line connecting the leading and trailing 
edges. Its length is defined as the CHORD 
LENGTH or simply THE CHORD (c). 

SECTION THICKNESS (t) is the maximum dis
tance between corresponding points on the 
upper and lower section surface (Fig. A-1). 
It is usually expressed as a thickness/ 
chord ratio (t/c). 

The NOSE RADIUS defines the sharpness of 

the section at the leading edge. Its cen
ter is located on the tangent to the mean 
line, drawn at .5% of the chord. 

CAMBER is the distance between correspond
ing points on the mean line and the chord 
line; mean line ordinate: Yc· The maximum 
camber is frequently referred to as "the 
camber". 

The following geometric parameters have al

so proved to be useful in the prediction of 
certain aerodynamic characteristics ofwing 

sections: 

LEADING EDGE SHARPNESS PARAMETER: 

~=y6%- Y.15% x 100% 
c c (A-1) 

Values for t1y for several NACA sections are 
presented in Fig. A-2. 

TAIL ANGLE ($) is the angle between the 

tangents to the upper and lower surfaces 
at the trailing edge (Figs. A-1 and A-3). 

A-2.2. Aerodynamic definitions 

ANGLE OF ATTACK (a) : angle between the 

chord line and the direction of the un

disturbed flow. (Positive a: nose-up, see 
Fig. A-1). 

THE ZERO LIFT ANGLE (a£ ) : angle of attack 
for zero lift. Positive0 a£ : nose up; for 
sections with positive carnb0er at is neg-
ative, as in Fig. A-1. 0 

ZERO-LirT LINE: line through the trailing 
edge parallel to the direction of the un

disturbed airflow at a£ . 

CENTER OF PRESSURE (c.p?): the intersection 
of the vector, representing the resulting 
aerodynamic force, with the chord line. The 
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Fig. A-2. Leading edge sharpness parameter 
of NACA sections (Ref. A-6) 

c.p. varies with a for cambered sections. 
AERODYNAMIC CENTER: a point about which the 
pitching moment for given dynamic pressure 

is essentially independent of the angle of 
attack up to maximum lift in subcritical 
flow. For design purposes it is generally 
acceptable to assume the a.c. as .25 c 
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Fig. A-3. Tail angle of NACA sections 
(Ref. A-6) 
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(low-subsonic speeds). 

A-2.3. Nomenclature for some NACA sections 

NACA FOUR-DIGIT SERIES (example: NACA 2415). 
The numbering system is based on the sec
tion geometry. The first integer indicates 
the maximum value of the mean-line ordi

nate yc as a percentage 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 as a percentage of the chord. 
Hence, the NACA 2415 section has 2% camber 
at .4 of the chord from the leading edge 
and is 15% thick. 

NACA FIVE-DIGIT SERIES (example: NACA 23012) 
The numbering system is based on a combina
tion of theoretical aerodynamic character
istics and geometric characteristics. The 
first integer indicates the amount of cam

ber in terms of the relative magnitude of 
the design lift coefficient*; the design 
lift coefficient is three halves of the 

first integer. The second and third inte
gers together indicate the distance from 
the leading edge to the location of the 
maximum camber; this distance as a percent

age of the chord is one-half the number re
presented by these integers. The last two 
integers indicate the section thickness as 

a percentage of the chord. 
Hence, the NACA 23012 wing section has a 
design lift coefficient of .3, has its max

imum camber at .15 of the chord, and has a 
thickness ratio of 12%. 

NACA 6-SERIES OR LAMINAR-FLOW WING SECTIONS 
(example: NACA 65 3-218) 

The first digit is the series designation 
of a family of low-drag airfoils, designed 
on the basis of theoretical methods. The 
second digit is the chordwise position of 
minimum pressure in tenths of the chord 
behind the leading edge for the basic sym
metrical section at zero lift. The digit 

*Definition in Ref. A-1. 
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following the comma or written as a sub
script gives the range of lift coefficient 
in t~nths above and below the design lift 
coefficient in which pressure gradients 

favorable for obtaining low drag exist on 
both surfaces. The digit following the dash 
gives the design lift coefficient in tenths. 
The last two digits represent the thickness 
of the wing section as a percentage of the 

chord. 

Hence, NACA 65 3-218 is a 6-series section. 
The point of minimum pressure at zero lift 
for the 65-018 section is at .50 of the 
chord. The favorable range of lift coeffi

cients is between -.1 and .5, the design 
lift coefficient is .2 and the maximum 
thickness 18% of the chord. 

Some modifications of the 6-series sections 
are designated by replacing the dash by a 

capital A. These sections are substantial
ly straight on both surfaces from about .8 
of the chord to the trailing edge. The 6-
series airfoils without this designation 

have cusped trailing edges. 

A-3. WINGS 

A-3.1. Wing planform 

A system of axes is generally used as in
dicated in Fig. A-4. The origin is located 

y 

X 

_______ L ___________ _ 

z 

y 

Fig. A-4. System of axis in relation to 

the wing planform 



at the WING APEX 0, which is the intersec

tion of the leading edges of both wing 

halves. The X axis coincides with the chord 
of the root section, positive backwards. 
The Y axis is perpendicular to the plane 

of symmetry, positive to port side. The Z 

axis is positive upwards. 

LEADING and TRAILING EDGE: the lines through 

the leading and trailing edges of the wing 

chords. 

ROOT CHORD and TIP CHORD (cr' ct): the 
chord length of the wing sections in the 

plane of symmetry and at the outer extrem

ity of the wing, respectively. For rounded 
tips the definition of the tip chord is 
given in Fig. A-4. 
TAPER RATIO (A) is the ratio of the tip 

chord to the root chord: 

(A-2) 

Straight-tapered wings have straight lead

ing and trailing edges. 

GROSS or DESIGN WING AREA (S): the area 

enclosed by the wing outline, including 

wing flaps in the retracted position and 
ailerons, but excluding fillets or fair

ings, projected on the XOY plane. The lead

ing and trailing edge are assumed to be ex

tended through the nacelles and fuselage to 

the XOZ plane in any reasonable manner (ex

ample in Fig. A-5) 

Fig. A-5. Definition of gross wing area 

s 
b/2 

2 1 c dy 
0 

(A-3) 

NET WING AREA (Snet): the gross wing area 
minus the projection of the central wing 
part, inside the fuselage. 

EXPOSED or WETTED WING AREA* (Swet): the 
net external wing surface area, which is 

exposed to the airflow. 

SPAN (b): the distance between the wing 

tips, measured perpendicular to the XOZ 

plane, navigation lights excluded. 
GEOMETRIC or STANDARD MEAN CHORD (SMC): 

the length of this chord (cg) is equal to 

the gross area, divided by the span: 

For straight-tapered wings: 

1 + A 
cr --2-

(A-4) 

(A-5) 

ASPECT RATIO (A): the span divided by the 

geometric mean chord: 

(A-6) 

For a straight tapered wing the root chord 

can be calculated for given gross area, 

aspect ratio and taper ratio from: 

(A-7) 

QUARTER-CHORD LINE: the line through all 

points at .25 c of the sections. 

(ANGLE OF) DIHEDRAL (r. 25): the angle be

tween the projection of the quarter-chord 

line on the YOZ plane and the Y axis (pos

itive upwards, Fig. A-4). Negative angle: 

ANHEDRAL. 

SWEEP ANGLE of the quarter-chord line 

!A. 25 ): the angle between the projection 

of the quarter-chord line on the XOY plane 

and the Y axis. Positive angle backwards 

(sweepback), negative forwards (sweep for

ward). 

Sweep angles of other characteristic lines 

(trailing edge, leading edge, mid-chord 

line) have a similar definition and can be 

calculated for a straight-tapered wing from 

the following relationship: 

*In some publications the term "exposed 

wing area" has the same meaning as the net 

wing area defined above, i.e. a projected 

area. 
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Fig. A-6. Definition of wing twist 

where e 1 and e 2 denote the fraction of the 

chord according to the definition of the 

sweep angles A1 and A2 , respectively. For 

example, the trailing edge sweep angle 

can be calculated from A_25 by substitution 
of e 1 = .25 and e 2 = 1.0. For a wing (or 

tailplane) with straight trailing edge 

(A 2 0) we have: 

(A-8) 

A-3.2. (Wing) twist and incidence 

(WING) TWIST (E) is the angle of incidence 

of a wing section relative to that of the 

root section, measured in a plane parallel 

to the XOZ plane (Fig. A-6). Positive 

twist: nose rotated upwards, WASH-IN. Neg

ative twist: nose rotated downwards, WASH
OUT. 
Geometric twist (Eg) is the twist of the 
chord line of a section relative to the 

chord line of the root section. 

Aerodynamic twist (Ea) is the twist of the 

zero-lift line of a section relative to the 

zero-lift line of the root section. For an 

arbitrary section the geometric and aero

dynamic twist are interrelated as follows: 

(A-9) 

The WING TWIST ANGLE usually refers to the 

twist angle at the tip chord: 
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(A-10) 

For a wing with LINEAR TWIST, the aero

dynamic twist angle increases in propor

tion to the lateral coordinate: 

where 

ll = -L. b/2 

(A-ll) 

(A-12) 

A LINEAR LOFTED (GEOMETRIC) TWIST is ob
tained on a wing where the intermediate 

sections are formed by linear lofting be

tween the root and tip sections: 

(A-13) 

WING ANGLE OF INCIDENCE (angle of wing 
setting) i: the angle between the root 

chord line and the airplane reference axis, 

e.g. the fuselage center line. 

A-3.3. Aerodynamic definitions 

MEAN AERODYNAMIC CHORD (MAC, c): the chord 

of an equivalent untwisted, unswept and 

non-tapered wing, for which the total lift 

and pitching moment are essentially equal 

to the lift and pitching moment on the ac

tual wing. The derivation of c can ;,e found 

in Ref. A-9: 

b/2 

c ~ I (A-14) 
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Fig. A-7. Graphical construction of the MAC 

For straight-tapered wings 

MAC 
SMC 

(A-15) 

Alternatively, the simple graphic con

struction depicted in Fig. A-7 can be used 

to find the length and location of the MAC 

of a wing half. For wings with prismoidal 

inboard sections and tapered outboard sec

tions, Fig. A-8 may be used. 

AERODYNAMIC CENTER (a.c.): a point in the 

XOZ plane about which the aerodynamic 

pitching moment coefficient of the wing is 

essentially constant up to maximum lift in 

subcritical flow . 

For moderate sweep angle a reasonable ap

proximation for the a.c. is the MEAN QUAR

TER-CHORD POINT. For a half wing, this 

point is located at .25 c, with coordi

nates: 

X = .25 
2 tan A. 25 

cr + S 

b / 2 

J cy dy (A-16) 

0 

b /2 

y ~ j cy dy (half wing) (A-17) 

0 

Fig . A-8. Diagram for the Mean Aerodynamic Chord of st~aight-tapered wings with or wit

hout prismoidal inboard section 
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Fig . A-9. Diagram for the mean quarter-chord point for straight- tapered wings with or 

without prismoidal center section 

!' . 1--+-+· L:4 .. !-"-.' ..,... +"' ... :__,-·rl. '+"·"'· ~·'!-4'·=· ·.;9- F-·""'· ....... l . ' ..... ~~H --- . .:... , _; - ·-'··- "" .. ~-~·. "' 
• ! , 0 . ·J ; . . ·_ -:i< t . ·. ': j:~-i..~ . j 

Fig . A-10. Diagram for the mean quarter-chord poi nt of straight-tapered wings with or 
without prismoidal center section 
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z = 
2 tan A_ 25 

s 
0 

b/2 

j cy dy (A-18) 

For straight-tapered wings the MAC is lo

cated at the lateral coordinate: 

b 1 + 2), 
y=23(1+A) (half wing) (A-19) 

while the quarter-chord point of this chord 

is identical to the mean quarter-chord 

point. Figs. A-9 and A-10 can be used for 

REFERENCES 

more complex wings shapes. 

WING ANGLE OF ATTACK (a): the angle be

tween the root chord and the direction of 

the undisturbed airflow (Fig. A-6). 

THE ZERO-LIFT LINE is drawn through the 

trailing edge of the MAC, parallel to the 

undisturbed airflow, in a position at 

which the wing lift is zero (Fig. A-6). 

ZERO-LIFT ANGLE (aL ) is the angle between 
the root chord and 0 the zero-lift line; aL 

is positive when the root chord nose is 0 

directed upwards relative to the airflow 

(Fig. A-6). 

A-1. I.H. Abbott, A.E. von Doenhoff: 11 Theory of Wing Sections". Dover Publications, Inc., New York, 1958. 

A-2. F.W. Riegels: "Aerodynamische Profile 11 • Published Ly R. Oldenbourg, Munich, 1958. 

A-3. R.C. Pankhurst: NPL Aerofoil Catalogue and Bibliography ARC R & M No. 3311, 1963. 

A-4. T. Nonweiler: "The Design of Wing Sections 11 • Aircraft Engng., July 1956, pp. 216-227. 

A-5. Anon.: R.Ae.S. Engineering Sciences DATA Sheet WINGS 01.01.05, Oct. 1958. 

A-6. D.E. Hoak and J.W. Carlson (red): "USAF Stability and Control Handbook 11 , prepared by Douglas Air

craft Cy., Oct. 1960. Rev. 1968. 

A-7. Anon.: "Dictionary of Technical Terms for Aerospace Use", NASA SP-7, First Edition, 1965. 

A-8. w.s. Diehl: "The Mean Aerodynamic Chord and the Aerodynamic Centre of a Tapered Wing". NACA Report 

7 51 , June 1942 • 

A-9. A.H. Yates: "Notes on the Mean Aerodynamic Chord and the Mean Aerodynamic Centre of a Wing". Journal 

of the Royal Aeron. Soc., June 1952, pp. 461-474. 
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Appendix B. The computation of circumferences, areas 
and volumes of curves, sections and bodies 

SUMMARY 

Methods are presented for the calculation of circumferences, projected areas, wetted 
areas and volumes of sections, fuselages, wings and tailplanes, fuel tanks and engine 
nacelles. 

The methods presented are simplified results derived from Ref. B-1; they can be readily 
applied in the preliminary stage of an aircraft design in cases where the shape and di
mensions are not known in great detail. 
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NOMENCLATURE 

A c 

b 

c 
c 

D 

h 

k 

1 

s 

- cross-sectional area; area of a wing 
section 

span (no index: wing span); width 
- circumferential length 
- chord length of an airfoil section 
- diameter 

height 

- factor for calculating areas, vol

umes, etc. 

- length 

area (no index: gross wing area) 

Snet - net wing area 
t - maximum thickness of an airfoil 

B 

T 

section 

- (fan) nacelle forebody length/total 
length 

- wing taper ratio; fineness ratio 

- ratio of t/c ratios at tip and root 

B-1 . FUSELAGE 

The present methods refer to the gross 
wetted area and volume of streamline bodies 
by which most fuselages can be approxi
mated. Cockpit hoods, air scoops, fillets 
and the like, as well as non-exposed parts 
at the junction of wing and empennage, must 
be calculated separately, e.g. with the 
data on wing sections (Section B-2) , and 
subtracted. 

B-1.1. General method 

The generalized curves in Fig. B-1 are 
derived from approximations of the exter

nal lines by polynomials with fractional 
exponents (Ref. B-1). In most cases the 
fuselage can be divided into a nose sec
tion, a cylindrical mid-section and a tail 
section. The shape parameter ~ is measured 

from the plan view and the factors kA' kc, 
kv and kw are then determined in order to 
calculate the characteristic areas and 

volume as follows (symbol in Fig. B-2): 
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- shape parameter 

Subscripts 

A 

c 
area enclosed by a curve 

- circumference 

c - cross section; cylindrical mid-

ef 

eg 

f 

g 

h 

section 

fan exhaust opening 

- gas generator exhaust opening 

- fuselage 

- gas generator 

- highlight of an intake 
n - nacelle; nose section of fuselage 

- plug p 

t 

v 
w 

- tail section of fuselage; fuel tank 

- volume 

- external area 

wet - wetted area 

Cross-sectional area* (frontal area): 

(B-1) 

Circumferential length of the cross sec

tion: 

(B-2) 

where kc is obtained from Fig. B-1. If nec
essary, the cross section is subdivided 

into several parts. 
Fuselage volume: 

(B-3) 

where kv is found by measuring $ in the 
plan view for the nose section (n) and the 

tail section (t) and using Fig. B-1. 

Fuselage wetted area: 

(B-4) 

*at the fuselage station where the width 
and height are maximum 
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calculating the area, 

circumference, volume and 

wetted area of sections 

and bodies 17 
.5 

.4 

.3 
.5 

-; 

1/ 
I 

I 

.6 

4>= ~= 

.7 .8 .9 1.0 

where Cf is given by (B-2) and the factor 

kw is obtained from Fig. B-1. 

Projected areas of plan view and side view 

can be calculated in the same way as cross

sectional areas by subdividing them into 

several parts and using the appropriate kA 

factors given in Fig. B-1. 

For a cross section built up from two cir

cular segments, the frontal area, volume 

and wetted area are first calculated from 

the plan view, assuming the fuselage to be 

a body of revolution. Correction factors 

given in Fig. B-3 are then applied. 

B-1.2. Quick method for bodies of revolu

tion 

The following approximations apply to fuse

lages with cylindrical mid-sections: 

volume = ~4 D 2 lf (1- ~) 
f Af 

(B-5) 

tt d 2 2/3 1 
we e =1TDl (1--) (1+--) 
area f Af A 2 

f 

(B-6) 

ffiONT VIEW PLAN VIEW 

Fig. B-2. Definition of streamline body 

geometry 

where Af is the fuselage fineness ratio: 

Af = lf/Df. 

For fully streamlined shapes without cy

lindrical mid-section the following ex

pressions apply: 

1 
volume= l D/ lf (. 50+.135 1;> 

ln 2/3 
wetted area=nDlf(.50+.135y-) x 

f 

(1.015+ -·-3-) 
A 1.5 

f 

(B-7) 

(B-8) 

where ln is the length of the nose section 

in front of the maximum cross section. 

B-2. WINGS AND TAILPLANES 

For most subsonic airfoil sections the 

following simple expressions are reasonably 

accurate: 

C = 2c ( 1 + .25 t/c) (B-9) 
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A = .68 tc 
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1.0 

(B-10) 

A more acc·urate result can be obtained with 

Fig. B-l. 

The wetted area of a linear lofted wing 
without nacelles is derived by integration 
of the circumferential length in a span

wise direction. A simple approximation for 

the result of this procedure is: 

(B-11) 

where A = ct/cr and T = (t/c)t/(t/c)r. I n 
this case the rvot section is not taken at 

the wing centerline, as usual, but at the 

., r-- ,r 1.. PF· t•: -~- - 1;~;: : ~~- ; 
·;c 1::./ '·' 'f. . I''S i'.l.. . 
:.. : ,,, . ·,-~ 

1_ 1--l. 

'·' 

.5 .7 .8 h /h .9 
2 1 

1. 0 .6 

Fig. B-3. Area and circumference of double
bubble and flattened fuselage cross sec

tions 

~ tt!!!!!2 OIIILISf 

VOLUME • !f51+S, +v'S;Si) VOlUME • ~ (S,+S,+..!J..~) 
l• di•r.nc. bet ... n "'•11•1 Hd fKe• 

Fig. B-4. Volume of bodies with parallel 

end faces 

Their volume is obtained from the appro

priate formula given in Fig. B-4. 

wing-fuselage intersection. For a wing with b. For integral tanks the external shape 
nacelles the wetted area should be reduced of the structure enclosing the tank may be 
by an amount equal to the total area of the used to apply Fig. B-4. In this case the 
wing inside the nacelle structure. volume of the structure, which is equiva

lent to about 4% of the tank volume, should 
be subtracted to obtain the net tank vol-

B-3. FUEL TANK VOLUME 

a. Most bladder tanks can be compared with 

a geometric body having parallel end faces. 
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ume. 

c. External streamlined fuel tanks can be 

treated in the same way as the fuselage. 

The net tank volume is 4% less than the 



volume enclosed by the skin. 

In project design a check on the available 

tank capacity is usually made in order to 

check the wing size or thickness/chord ra

tio. A first guess for the total tank vol

ume available in a wing with linear lofted 

intermediate airfoils is: 

(B-12} 

where 

s gross wing area 

b wing span 

(t/c}r= thickness/chord ratio at the wing 

root 

T 

taper ratio 

(t/c} t/ (t/c} r 

Statistical data were used to calculate the 

constant .54 in (B-12} but the accuracy is 

not very high. Thus, if the available tank 

volume appears to be critical, a more pre

cise calculation is necessary to account 

for the actual section shape and the wing 

structural layout. 

Equation B-12 may also be used for calcu

lating the tank capacity of a part of the 

wing. In that case the geometric defini

tions of S, b, etc. apply only to the wing 

part containing fuel. 

Note that the Usable Fuel Capacity* is some 

5% less than the tank volume to allow for 

REFERENCES 

expansion of the fuel. 

B-4. ENGINE NACELLES AND AIR DUCTS 

In the most general case, the engine na

celle group may consist of a fan cowling, 

a gas generator cowling and a plug in the 

hot flow (Fig. B-5}. The wetted areas of 

these components may be computed as 

follows: 

External wetted area of fan cowling: 

(B-13} 

I. 

I 
I FAN 

I COWLING 

I GASGENEfllATOft -----r------
IOC81ion of I COWLING 

m••.d11m•t1 1--=~~====-1 
I 

Fig. B-5. Geometry of a turbofan engine 
pod 

Wetted area of gas generator cowling: 

[ 
D D 5 

111 D 1 _.!_ (1 -..S)j1-.18 (....s_))l] (B-14} 
g g 3 Dg lg 

Wetted area of plug: 

(B-15} 

B-1. E. Torenbeek: "The computation of characteristic areas and volumes of major aircraft components in 

project design". Delft University of Technology, Dept. of Aeron. Engng., Memorandum M-188, Feb. 1973. 

B-2. A.H. Schmidt: 11 A simplified method for estimating the wetted area of aircraft fuselages". SAWE Tech

nical Paper No. 308, 1962. 

B-3. R.T. Bullis: "Geometric analysis". SAWE Technical Paper No. 1025, May 1974. 

*defined in Section 8.2.2. 
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Appendix C. Prediction of wing structural weight 

SUMMARY 

The derivation of the present method (Ref. C-1) is basP.d on a generalized expression for 

the material required to resist the root bending moment due to wing lift in a specific 
operational condition. The average stress is related to the loading index of the com

pression structure. A correction is made for the extra weight to provide the torsional 

stiffness required to withstand wing flutter. Separate contributions for high-lift de

vices, spoilers and speed brakes are given. Statistical analysis of the wing weight of 

many aircraft types actually built has yielded the necessary factors of proportionality. 

The method is applicable to light and transport category aircraft with wing-mounted en

gines in front of the elastic axis or engines not mounted to the wing. 
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NOMENCLATURE 

c 

- wing span 

- structural flap span (see Fig. C-1) 

structural wing span 
-1 

(bs = b cos A112 > 

- lift-curve slope of the wing 

(CL" = dCL/dcr) 
- chord length 

- gust alleviation factor 

- cor~ection factors for taper ratio, 

non-optimum weight, etc. 
Me - design cruising Mach number 
Ne - number of wing-mounted engines 

nult - ultimate load factor (1.5 times 
limit load factor) 

S - gross projected wing area 

Sf - projected area of flaps 

t - maximum thickness of wing section 

or flap section 

t/c - thickness/chord ratio 

VC - Design Cruising speed (EAS) 
VD - Design Diving speed (EAS) 
v 1f - design speed for flaps in landing 

configuration (EAS) 
w - weight 

C-1 INTRODUCTION 

The method presented in this Appendix is 

based on Ref. C-1, where the primary win~ 
structure weight is derived from the re

quirement that in a specified critical 
flight condition the bending moment due to 

wing lift must be resisted. The weight of 

high-lift devices is based on a critical 

loading condition at the flap design speed. 

Application of the method to several high

subsonic short-haul airliners led to the 

conclusion that for this category the o

riginal method in Ref. C~1 results in an 
underestimation of the wing weight. It was 
assumed that the main reasons for this are 

the extra weight required to provide ade

quate stiffness against wing flutter and 

the weight penalty due to the long service 

life required, resulting in a rather low 

level flight stress level. Only the first 

of these aspects has resulted in a modifi-
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Wdes - design All-Up Weight of aircraft 

Ww - wing group weight as defined in 
AN 9103-D 

A112 - sweep angle of mid-chord line (Fig. 
C-1) 

Af - average sweep angle of flap struc
ture (Fig. C-1) 

of - maximum flap deflection angle at 

Vlf' measured streamwise 
ns - distance of the strut mounting on a 

braced wing from the wing root, 

divided by the wing semi-span (n 
defined by equation A-12) 

A - taper ratio (A = ct/cr) 

SUBSCRIPTS 

b - basic 

e - engines 

f - flap 
hld - high-lift devices 
lef - leading-edge devices 
r - wing root 
sp - spoilers; speed brakes 

t - wing tip 
tef - trailing-edge devices 
w - wing 

cation of the original formula. Other minor 
modifications have been introduced in the 

engine relief factor and in the weight of 

the high-lift devices. A weight penalty 

for spoilers and speed brakes has been 

introduced. 

C-2. BASIC WING STRUCTURE WEIGHT 

The weight of the basic wing structure 

(i.e. the wing group weight less the weight 

of high-lift devices, spoilers and speed 

brakes) is given by the equation: 

(C-1) 



where the constant is: 
-4 8.94xl0 , ww and wdes in lb, b in ft, or 
-3 4.58xl0 , ww and wdes in kg, b in m. 

For geometrical definitions see Fig. C-1. 

Fig. C-1. Geometric definitions 

The correction factors are defined as 

follows: 

k no 1+~ 
s 

(C-2) 

where bref = 6. 25 ft ( 1. 905 m). The factor 
kno represents the weight penalties due to 
skin joints, non-tapered skin, minimum 
gauge, etc. 

k =(l+A)" 4 
A (C-3) 

where A is the wing taper ratio, A = ct/cr. 
The bending moment relief factor due to 

the engine and nacelle installation is: 

1.0 engines not wing-mounted 

.95 two wing-mounted engines in front 

of the elastic axis 

. 90 four wing-mounted engines in front 

of the elastic axis 

The correction factor for undercarriage 

suspension is: 

1.0 wing-mounted undercarriage 

. 9 5 undercarriage not mounted to wing 

For the extra weight required to provide 
stiffness against flutter the following 
correction is proposed for high-subsonic 

jet aircraft with engines not mounted to 

the wing or two engines wing-mounted in 

front of the elastic axis of the wing: 

kst =!+constant x 

(C-4) 

where the constant is 1.50xl0- 5 when b is 

in ft, wdes in lb and v 0 in kts, or 9.06x 
10-4 when b is in m, Wdes in kg and v0 in 
m/s. For low-subsonic aircraft and high

subsonic aircraft with four wing-mounted 

jet engines kst = 1.0. 

The correction factor for strut location 

on braced wings (kb = 1.0 for cantilever 

wings) is: 

(C-5) 

The maximum weight with wing tanks empty 

should be used for the design weight Wdes 
in eq. C-1, although the Maximum Zero Fuel 
Weight is acceptable for most preliminary 

designs. 

The ultimate load factor nult' equal to 
1.5 times the limit load factor, is the 

higher of the gust and the maneuver load 
factor. The gust load is based on the de

sign cruising speed Vc at an altitude of 
20,000 ft for pressurized cabins and sea 
level for non-pressurized cabins. 

The load factors are determined in accord
ance with the airworthiness regulations 

FAR 23.341, FAR 25.341 or BCAR Section D 
ch. 3.1.4., as appropriate. The original 

formula in Ref. C-1 is based on the sim

plified gust alleviation factor found in 

earlier regulations: 

Kg=.B- (W 1 ~:) 314 for wdes/5>16 lb/sq.ft 
des 

(C-6) 

In this equation Wdes/S is in lb/sq.ft. 

The gust load is determined from the 
following expression for the wing lift

curve slope: 

CL = ------c===2=1t========; ( rad-l) ( C-7) 
a 2/A+\' 2 -Me 2 + (2/A) 2 

cos A1/ 2 
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where Me corresponds to Vc in the opera
tional condition mentioned previously. 

C-3. HIGH-LIFT DEVICES, SPOILERS AND SPEED 

BRAKES 

The weight of high-lift devices can be 

broken down as follows: 

(C-8) 

The trailing-edge flap weight is calculated 

from: 

wtef (S b )3/16 ---s;- =constant x kf f fs x 

2 . 3/4 
[(vlf) s1nof cosAf] 

100 (t/c)f (C-9) 

where the constant is equal to .105 when 

wtef is in lb, sf in sq.ft, bfs in ft and 
vlf in kts, or 2.706 when wtef is in kg, 
Sf in m2 , bfs in m and v 1 f in m/s. The 
flap deflection angle of and the flap 

thickness/chord ratio (t/c)f are measured 
streamwise. Other geometric definitions 

are given in Fig. C-1. 

The factor kf represents the effect of the 

flap configuration: 

where 

1.15: 

1. 30: 

1.45: 

kf2 1.0 : 

1. 25: 

(C-10) 

single slotted; double slotted, 
fixed hinge 

double: slotted, 4-bar movement; 

single slotted Fowler 

double slotted Fowler 

triple slotted Fowler 

slotted flaps with fixed vane 

double slotted flaps with 

"variable geometry", i.e. ex-

tending flaps with separately 

moving vanes or auxiliary flaps 

For variable geometry flaps the (t/c)f 

ratio in (C-9) refers to the retracted 

position. If the flap speed v 1 f is not 
known, 1.8 times the stalling speed in the 

landing configuration may be assumed as a 
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first guess. 

In the absence of the various data re

quired to compute the flap weight accord

ing to (C-9), the data of Fiq. C-2 may be 

1-
:z: 

"' 15 

~ 60 

" ~ 10 

40 
u 
~ 
u 20 
~ 
<I) 

0 
10' 105 

0 
1o'LB 

MAXIMUM TAKEOFF WEIGHT 

Fig. C-2. Specific weight of trailing-edge 

high-lift devices (Ref. C-2) 

used. The specific weight of leading edge 

high lift devices can be read from Fig. 

C-3. 

u 
!± 2 
u 
w .. 
<J) 

KG 50 

40 

0 30 

8-747-21 p. N 20 

' ~ 

• FLEXIBlE KRUEGER FLAP 

10 

~ 
7 
6 

1~--~~_.~~~~~~--~--~~~~~~· 
104 105 10'\e 

MAXIMUM TAKEOFF WEIGHT 

NOTE 

The specific weight of Krueger flaps is approxi

mately equal to that of slats 

Fig. C-3. Specific weight of leading-edge 

high-lift devices (Ref. C-2) 

The weight of spoilers and speed brakes Wsp 
may be taken either as 2.5 lb (sq.ft (12.2 

kg/rn2 ) or 1.5% of the wing weight. 

C-4. WING GROUP WEIGHT 

The structural weight of the wing group, 
as defined in accordance with AN-9103D, is 



given by: 

(C-11) 

where the basic wing weignt is defined by 

(C-1), Whld by (C-8) and the spoiler and 
speed brake weight by the data yLv~n in 

Section C- 3. 

A first estimate of the wing weight must 

be available for substitution in (C-1). 

Equation S-12 in Section 8.4.1 is 

REFERENCES 

sufficiently accurate to make a second 

iteration superfluous. 

The standard error of prediction of the 

present n • .,thod is 9. 64%, but this figure 

can be considerably improved by adapta

tion of the constants of proportionality 

of (C-l) and (C-9) to accurately known 

weights of similar airplane wings. In 

this case the formula obviously applies 

to a very restricted category of aircraft 

only. 

C-L E. Torenbeek: "Prediction of wing group weight for preliminary design". Aircraft Sngng., July 1971, 

pp. 16-21. 

C-2. w. Schneider: ''Die Entwicklung und Bewertung von Gewichtsabsch.§.tzungsformeln fiir den Flugzeugentwurf 

unter Zuhilfnahme von Methoden der mathematischen Statistik und Wahrscheinlichkeitsrechnung11 • Disser

tation, University of Berlin, 23-2-1973. 
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Appendix D. The weight penalty method for fuselage 
structural weight prediction 

SUMMARY 

The basic weight penalty method for fuselage structural weight prediction was introduced 
for the fi•st time by Burt (Ref. D-1) and a number of other publications based on the 
same approach have been published since (Refs. D-2 through D-5). The present method re
presents a synthesis of these publications, updated for modern pressurized fuselages 
with or without engines mounted to the side of the rear fuselage section. 
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NOMENCLATURE 

- maximum width of fuselage 

theoretical wing root chord (see 

Fig. C-1) 

diameter of main fuselage lobe 
- design hoop stress in fuselage skin 

in level flight 

- maximum depth of fuselage 

- ratio of fuselage structure weight 

to gross shell weight 

- correction factor on shell weight 

for fuselage slenderness 

kbh - proportionality factor for bulkhead 

weight 

kfl - proportionality factor for floor 

weight 

le distance from engine support to the 
rear wing center section spar 

- distance between quarter-chord 

points of wing root and horizontal 

D-1. SURVEY OF THE METHODOLOGY 

A detailed subdivisior. of all weight con

tributions is given in Table D-1. Not all 
items mentioned are applicable to each con

figuration. For example: main landing gear 

doors may be counted as part of the wing 

group if the main landing. gear is retracted 

into the wing. 

Computation takes place in four stages. 

STAGE 1: Calculation of the weight of the 

fuselage shell, which carries the primary 
loads and contributes approximately athird 

to one half of the fuselage weight (gross 

shell weight). 

STAGE 2: The weight of material removed for 

cutouts and openings is 3Ubtracted fromthe 

gross shell weight (net shell weight). 

STAGE 3: Weight is added for the materials 

used to fill the holes and for the surround 

structure required to recover strength (mod

ified shell weight). 

STAGE 4: Weight contributions and penalties 

are added for floors, bulkheads, support 

structure and various additional items, re

sulting in the total fuselage group weight. 
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tail root (Fig. D-2) 

MTOW - Maximum Takeoff Weight 

nult - ultimate load factor corresponding 

to wto (1.5 times ljmit load.fac

tor) 

Pfl - maximum floor loading 

~p - maximum operational differential 

pressure in cabin or pressurized 

fuselage section 

SG - gross shell area (all openings 

faired over, no excrescences, fair

ings or blisters) 

- bulkhead area 

- Design Diving speed (EAS) 

- fuselage structure weight 

- floor weight 

- gross frame weight 

- gross shell weight 

- gross skin weight 

Wstr- gross stringer and longeron weight 

Wto - Maximum Takeoff Weight 

D-2. GROSS SHELL WEIGHT 

The weight of the fuselage shell structure 

is divided into the amounts contributed by 

the skin, stringers and frames: 

(D-1) 

D-2.1. Gross skin weight 

The gross skin weight wsk is the greatest 

of the values given by (D-2), (D-4) and 

(D-5). 

.(D-2) 

where the constant is equal to .00575 when 

Wsk is in lb, SG in sq.ft and VD in knots, 

or .05428 when Wsk is in kg, SG is in m2 

and VD in m/s. Allowing for' the influence 

of the fuselage slenderness ratio, the fac

tor kA is approximated as follows: 

1 3/4 

kA = • 56 (bf+~f) (D-3) 



CROSS SHELL 

SKill 

STRINGERS AIID LORGEROIIS ....... I 
GROSS SHELL tiODIFICATIOifS 

MATIIUAL UMOYED 

PASSIIIGER AIID CREW DOORS 

CARGO HOLD DOORS 

(LARGE) I'UICHT HOLD DOORS I lAMPS 

ESCAPE HATCHES 

ENCLOSURES AltD WINDSHIELDS 

WINDOWS l PORTS 

LAHDIIIG GIAI. DOORS 

IQUIPMIN'I' ACCESS DOORS 

SPEEDBIAUS 

MODIFIED SHELL 

FLDORIIIG 

PASSENGER CABIN PLOOI., BEAMS AND RAILS 

FREIGHT CCIIPARTMENT FLOOI l lDADIIIG SYST. 

CARCO/JAGIGAGE HOLD FLOOR 

FLIGHT DECK FLOOR 

EQUII'IIINT BAY FLOOR 

BULKHEADS AIID PRESSURE FLOORS 

FRONT PRESSURE BUUHEAD 

REAl. PRESSURE BULKHEAD 

LANDING GEAR WHEELBAYS 

_:COC:=:ICP=ITc_:IIULIIIIAD===---- ------f---- _ 
SPECIAL (MOUNTING) FRAMES 

SUPPORT STRUCnJRE 

Wlt<rFUSEUGE liiTERCOHII!CTIOII 

TA.ILPUME SUPPORT 

!NGIIIE(S) SUPPORT ---------+------! 
LANDING GEAR SUPPORT 

FUSELAGE TAHICS SUPPORT 

ADDITIONAL WEIGHT ITEI'IS 

FAIRIRGS I FILLETS 

AIRSCOOPS 

STAIRS 

PAINT, SEALIIG, R!DUX. _________ ---+-----1 
FASTIIIIRS, JOINTS 

HlSC!LLAIIliOOS 

TOTAL BODY GROUP WEIGHT 

Table D-1: Weight breakdown of the fuselage 
group (applicable to tail booms as well) 

values kA = 1.15. The definition of lt is 
slightly modified as compared with that 
given in Ref. D-1, in order to account for 
the effect of wing sweep on the fuselage 

bending moment (Fig. D-2). 

The gross skin weight based on cabin pres

sure, for constant skin thicknessover the 
complete fuselage shell, is: 

(D-4) 

where the constant of proportionality is 
.007 when wsk is in lb, llp in lb/sq.in. 
and SG in sq.ft., or 1. 595 when W k is in 

kg/cm2 2 s 
kg, llp in and SG in m . Equation 
D-4 represents the skin weight required to 
resist the design cabin pressure differen-

tial llp, based on a mean hoop stress level 

of fref = 12,000 lb/sq.in. (843.7 kg/cm2). 
The actual value for f to be anticipated 

may be substituted in (D-4), but in the 

absence of this information assume 

fref/ f=1. 
The minimum value for Wsk' based on a min
imum gauge of .8 mm (.315 in.), is equal 
to: 

w 
~~ = ~ s 
sk SG G 

(D-5) 

where Wsk/SG = .445 lb/sq.ft (2.173 kg/m2). 

In all equations the gross shell area SG 

is defined as the area of the entire outer 

surface of the fuselage, assuming that all 

holes for doors, windows, cutouts, etc. 

are faired over, and all local excrescences 

such as blisters, wheel fairings and cano

pies are removed and faired over. The gross 

shell area can be estimated with the meth
ods given in Appendix B. 

D-2.2. Gross stringer and longeron weight 

The graphs presented in Ref. D-1 can be 
approximated as follows: 

W t t k SG1.45 VD.39 nult.316,...._6) str=cons an x A ..,.-

where the constant of proportionality is 

.000635 when wstr is in lb, SG in sq.ft 

and v0 in knots, or .0117 when wstr is in 
kg, SG in m2 and v0 in m/s. 

D-2.3. Gross standard frame weight 

The curves in Ref. D-1 are approximated. as 
follows: 

Freighters: 

All other types: 

wsk+Wstr~630 lb (286 kg): 

const x (W +W ) 1 · 13 
sk str 

(D-7) 

(D-8) 

(D-9) 
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where the constant is .0822 when Wfr' Wsk 
and Wstr are in lb, or .0911 when all 
weights are in kg. 

D-3. GROSS SHELL MODIFICATIONS 

Computation of the total ne~ weight penal
ty relative to the gross shell weight is a 
lengthy task. In the conceptual design 
phase the required information is not al
ways present and available data may bein
accurate and/or ill defined. The alterna
tive way of allowing for the departure of 
the fuselage design from the ideal is to 
use a simple overall correction factor for 
the gross shell weight, as suggested in 
Ref. D-1. This can be done with reasonable 
accuracy where the design is conventional. 

Defining a correction factor Kf as the ra
tio of the total fuselage group weight to 
the gross shell weight, we find: 

(D-10) 

Values of Kf have been calculated for sev
eral aircraft types, ~ith the following 
result: 
Hawker Siddeley HS-125 Kf 2.40 
Fokker F-27/100 Kf 1.82 
Fokker F-28/1000 Kf 1.83 
McDonnell Douglas DC-9/10: Kf 2.20 
McDonnell Douglas DC-8/55: Kf 1.88 
Lockheed C-5A (freighter): Kf 2.51 
Except in the case of the c-5A, a heavy 
freighter with fuselage-mounted undercar
riage, a systematic explanation of the va
riation in Kf cannot be given. Instead of 
the rough estimate given by (D-10), the 
more detailed computation method can be 
followed, using Table D-1 for collecting 
the various contributions. 

D-3.1. Removed material 

Fig. D-1 lists the openings to be consid
ered for a typical passenger transport. 
Allowance must be made for cutouts of ap
preciable size, while for small openings 
it is reasonable to assume that the weight 
of skin removed is equal to the reinforce-

460 

ment added. 

The weight of removed material is obtained 
by multiplying the specific gross shell 

weight (WG/SG} by the "wetted" area of each 
opening. This procedure is performed for 
all items listed in Table D-1 under the 
heading "gross skin modifications•, as far 
as they are applicable to the airplane un
der consideration. The bay required at the 
wing-fuselage connection will be treated 
in a different way by equation D-21 or 
D-22. 

D-3.2. Doors, hatches, window& and enclo
sures 

The weight of these items is taken into 
account by addition of 

a. the actual weight of the doors, etc., 
including any operating mechanism 
("fillings"), and 

b. the surround structure weight, i.e. 
door landings, frames, etc. 
The data presented in Table D-2 are not 
applicable to the (large) freighthold 
doors of freighter airplanes. They have 
been obtained by comparing the results of 
various references and those of detailed 
fuselage weight breakdowns. 
If data relating to the number and dimen
sions of access doors are not available, 
their net weight penalty (i.e. removed 
material included) may be assumed at 1.5 
to 2% of the gross shell weight. 
Note that landing gear wheelbays are gen
erally not pressurized and that the "un
pressurized" data must be used for landing 
gear doors. Nose landing gear doors are 

included in the weight penalty given in 
Section D-5.2 and may therefore be omitted 
here. Main landing gear doors are frequent
ly reg.arded as a wing weight contribution. 
For freighter airplanes the following net 
weight penalty (i.e •. removed material and 
surround structure are taken into account) 
is suggested for (large) freightholddovrs: 
Side doors - Weight = 4 !tiP lb/sq.ft of 
height x width, with 6p in lb/sq.in. 

- Weight = 73.65 /6P kg/m2 of 
height x width, with 6p in kg/cm2 • 



FILLING.S* SURROUNDS 
WEIGHT CONTRIBUTION 

PRESSURIZED UJIPRESSURIZED PRESSURIZED UIIPRESSURIZED 

PASSENGER A!ID CREW DOORS 2.40 .,fEP bh 2bh 
151.\""', FRONT, AFT 
20/Aap, ABOVE WING 

10./A;,; --- 241A ap, FRONT 
CARGO HOLD DOORS (BELLY) 2.65y~AP bh 2bh 

34/A::. REAR 

ESCAPE HATCHES J. 75 ,f6P bh 2bh 18~p 7.5.JA;;. 

COCKPIT WINDOW GLAZING • 18Aws6p"u ,JbfV;;' H.25+.011V0 )Aws FRAME INCLUDED IN FILLING 2./A";p 
~~----

71<. l>.p"25 SLIDING ( .20 +.007VD)Aws 

"' ws ., 
(7 A:8 -20) t>.p"25 ... HINGED .0046V0 Aws 8.4J.\; ... 

0 z 
< FIXED - 2.5 AWl u 

--· 
WINDOWS AND PORTS 2.7 A8 p/b; 2.5 bh FRAl4E INCLUDED IN FILLING 

EQUIPMENT BAY/ ACCESS 
4.5 bh 3.3 bh 

DOORS, LANDING GEAR DOORS ·- 6. 7 J.A;;-; TRANSPORT A/C: 2 TO 3 lb/ft2 
SPEED BRAKES 

JET TRAINERS : 5 TO 7 lb/ft2 

WEIGHT IN LB 

FILLINGS* SURROUNDS 
WEIGHT CONTRIBUTION 

PRESSURIZED UJIPRESSURIZED PRESSURIZED UNPRESSURlZED 

22.3 y'Aap -FRONT, AFT 
PASSENGER AND CREW DOORS 44.2 vii> bh 9. 765 bh 

29.8 Fa; -ABOVE WING 

14.9~ 
CARGO HOLD DOORS (BELLY) 48.8y'6p bh 9. 765 bh 

35.7 J.\;- FRONT 

50.6 J.\; -REAR 

ESCAPE HATCHES 32.2 vii> bh 9. 765 bh 26.8JA:; I 11.2~ 
6 .25 b FRAME INCLUDED ' --

GOCKPIT WINDOW GLAZING 4.31 A p \' f VD (15.9+.104VD) A _L_ 2.98v'C ws ws IN FILLING ap 

SLIDING 41.3 Aws.8 6p25 (. 98+. 0664VD) A cr. ws 
~ 

(41.3 Aw; 8-17,6) llp' 25 12.5y~ .. HINGED .0436 VD AWS 0 z 
< u 

FIXED - 12.2 A 
ws ·-· ----··-- -- --·· -- .. --·-

WINDOWS AND PORTS 23.9 Aap Vbt 12.2 bh FRAME INCLUDED IN FILLING 
1- .. --·----------

EQUIPMENT BAY I ACCESS 
22 bh 16.1 bh 

DOORS, LANDING GEAR DOORS 
9.97 Fa; - -·-----

IS KG/!1 TRANSPORT A/ C: 10 TO 
SPEED BRAKES 

35 ·KG/M2 JET TRAINERS : 25 TO 

WEIGHT IN KG 

*ALL ITEMS QUOTED INCLUDI:: OPERATING MECHANISM 

A = windshield wetted area, frame included (sq.ft or m2); Aap = "wetted" area of aperture or openinq 
ws 2 
(sq.ft or m ) ; b = width {ft or m); bf = fuselage width (ft or m); v0 =Design Diving speed (knots or 

m/s EAS); Ap = maximum operational pressure differential of relevant fuselage section (lb/sq. inch or 

kg/cm2) 

Table D-2. Gross weight penalties of fillings and surrounds (References D-1 through D-7 
and various detail weight data) 
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.. 
AFTt:MIRGI 
lXITDOOR 

OVIIIWIIIIG 
lMlROlNCY 

. . , . . . 
' . . .. .. .. 
" M .. .. 
" 

fORWARD SlRVtCI 
lNTRANCl DOOR 

FORWARD 
lMlRGENCY 
lJUTOOOR 

lXIT 
MATCMlS 

....~ .... WA\l. 

/~ 

An l.OWIR CARGO 
COW'AR11111NT 
!FORWARD DOORI 

SlRVICl DOOR LOCATIONS DOORS - FUSll.AOl .... ~RIZID ARIA 

Fig. D-1. Fuselage doors of 

the Douglas DC-8 and DC-9 

aircraft (Ref. D-6) 

Rear loading doors, ramp and headroom door 

included -

Weight ; 3 /XP lb/sq.ft of total wetted 

area, with 6p in lb/sq.in. 

Weight ; 55,24 /XP kg/m2 of wetted area, 

with 6p in kg/cm2 . 

Nose loading door weight - 15 lb/sq.ft 

(73.236 kg/m2 ) of frontal area. 

D-4. FLOORING 

Typical floor weights are: 

for passenger transports - 1 to 2 lb/sq.ft 

( 5 to 10 kg/m2 ) 

for heavy freighters 

(20 to 25 kg/m2 ) 

- 4 to 5 lb/sq.ft 

For a more detailed calculation it is nee-

essary to allow for the floor support con

figuration and the floor loading. 

D-4.1. Passenger cabin and freight hold 

floors 

The diagram in Ref. D-1 is approximated as 

follows: 

(D-11) 

Floors are categorized as follows: 
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TYPE A: Passenger floors with beams rest

ing directly on the fuselage frames, nor

mally used in flat-bottomed fuselages: 

kfl .85 when wfl is in lb and sf! in sq. 

ft, or 4.62 when Wfl is in kg and Sfl in 
2 m. 

TYPE B: Passenger floors with beams at

tached to the fuselage sides and possibly 

braced to the bottom by struts, normally 

used in pressurized fuselages with under

floor cargo holds: 

kfl ; const x IPfl (D-12) 

where the constant of proportionality is 

equal to .125 when wfl is in lb, Sfl in 

sq.ft and Pfl in lb/sq.ft, or .3074 when 

· · k · 2 d · k I 2 wfl 1s 1n g, sfl 1n m an Pfl 1n g m • 

The factor kfl includes floor panels, lat

eral and longitudinal stiffeners, support 

struts and seat tracks. 

TYPE C: Freight compartment floors designed 

for the carriage of containerized freight -

kfl ; 2.0 when wfl is in lb and sf! in sq. 

ft, or 10.867 when wfl is in kg and Sfl in 
2 m. 

TYPE D: Freight compartment floors designed 

for the carriage of bulk freight - kfl ; 

2.70 when wfl is in lb and sfl in sq.ft, 

or 14.67 when Wfl is in kg and Sfl in m2 

TYPE E: Freight compartment floors for 



heavy freighters, intended for all-vehicle 

operation - kfl = 3.85 when Wfl is in lb 
and sfl in sq.ft, or 20.92 when wfl is in 

kg and sfl in m2 . 

D-4.2. Various other floors 

The weight of floors in (belly) cargo and 
baggage holds is related to the tot.al car
go or baggage hold volume and the permis
sible floor loading as follows: 

Wfl =constant x (volume).?~ (D-13) 

where the constant is .4 when the volume 
is in cu.ft and the floor loading in lb/ 
sq.ft, or 1.0 when the volume is in m3 and 

the floor loading in kg/m2 . 

Flight deck floors have a specific weight 
of approximately 80% of a passenger cabin 
floor weight per unit of area. 

Equipment bay floors have to be considered 
only if a separate equipment bay is pro
vided. Their weight is approximately 1.5% 
of the gross shell weight for transport 
aircraft and .5 lb/cu.ft (8 kg;m3 ) of fu
selage volume (Ref. D-3) for other types. 

D-5. PRESSURE BULKHEADS AND FRAMES 

D-5.1. Pressure cabin bulkheads 

Flat bulkheads in front or at the rear of 
the pressurized section or cabin have a 
weight of: 

+ 

(D-14) 

wbh = 9.1+ 12.48 6p· 8 sbh 1 · 2 (kg) 

where Sbh is the actual area of eachbulk
head in sq. ft (m2 ) and Lip the design cabin 
pressure differential in lb/sq.in (kg/cm2 ). 
Due to their more favorable loading con
dition, spherical bulkheads are consider
ably lighter (Ref. D-6). The following ap
proximations may be used: 

(lb) 

(D-15) 

where Sbh is% (diameter) 2 in sq.ft or 
m2 and 6p is in lb/sq.in or kg/cm2 respec
tively. 

D- 5. 2. Wheelbays for retractable undercar
riages 

If the bays are surrounded by a pressur

ized section, the sidewalls, frames and 

roofs are pressure bulkheads; (D-14) may 
be used for weight estimation. Alternative 

method (Ref. D-5): 

Nose landing gear bay weight- .282% of 

the MTOW plus 7 lb (3.18 kg). Nosewheel 
bay doors are included in this figure and 
should be subtracted if they have been 

counted previously as a "gross shell modi
fication" (Section D-3.2). 

For main landing gear wheelbays inside a 
pressurized fuselage (section) , we have: 

Weight = .015 6p· 8 WG (6p in lb/sq.in) 

(D-16) 

For other aircraft types - generally with 
non-pressurized fuselages - Ref. D-3 gives: 

nose landing gear bay weight 

. 26 X 10- 3 
nult wto (D-17) 

main landing gear bay weight 
10- 3 n ult wto (D-18) 

On several designs, for example high-wing 
airplanes, the main landing gear is sus

pended from the fuselage and retracts into 
a separate fairing outside the fuselage 
external lines. The weight per fairing is 

approximately: 

Weight = .03 .tv;; (wetted area) 1·· 2 (lb) 

(D-19) 

Weight= .328 .tv;:;<wetted area) 1 • 2 (kg) 

Landing gear doors are included. Thewe~tea 
area is in ft 2 (m2 ) and the Design Diving 
speed in kts (m/s) respectively. 

Cockpit bulkheads typically have a specific 
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weight of .75 lb/sq.ft (3.66 kg/m2 J. 

Special (mounting) frames are required at 

any abrupt change in cross-section where 

loads have to be redistributed - e.g. near 

intake or exhaust openings - and for the 

support of engine pods mounted to the 

sides of the rear fuselage section: 

Weight (lb) = 1.2 (area) 1 · 2 - area insq.ft 

(D-20) 

Weight (kg) 9.42(area) 1 · 2 - area in m2 

D-6. SUPPORT STRUCTURE 

D-6.1. Wing/fuselage connection 

For low-wing transport aircraft with a 

continuous torque box across the fuselage, 

Ref. D-5 states: 

Weight = 45 + .907x10- 3 nult wto (lb) 

(D-21) 

-3 Weight = 20.4+.907x10 nult Wto (kg) 

The expression given in Ref. D-1 generally 

results in a rather lower weight and is 

probably based on data for unpressurized 

fuselages: 

Weight(lb)= .345x1o- 3 (n w ) 1 • 185-ult to 
wto in lb 

(D-22) 

Weight(kg)= .4 x 10- 3 (nult wt0 ) 1 • 185 -

wto in kg 

For high-wing configurations with contin

uous torque box acro.ss the fuselage, the 

penalty is roughly two-thirds of these 
values. 

If the wing torsion box is not continuous, 

the weight penalty may be three times 

greater than that given by (D-22). How

ever, the wing weight is reduced accord

ingly (Ref. D-1). 

D-6.2. Engine support structure* 

The direct weight penalty is approximately 

*For fuselage~ounted engines only· 
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2 to 3% of the bare engine weight. 

An indirect, but by no means negligible 

effect is caused oy the increased fuselage 

bending moment on touchdown. A calculation 

method is not available to the author; the 
following expression applying to rear fu

selage-mounted engines is therefore pre

sented as a tentative suggestion. 

2 
le 

Weight = constant x ~ Wto (D-23) 

where the constant of proportionality is 

equal to 2 x 10-4 when 1 and bf are in 
-4 e 

ft, or 6.56 x 10 when le and bf are in 

m. Definitions of le and bf are given in 

Fig. D-2. 

Fig. D-2. Geometrical definitions 

D-6.3. Other support structures 

The tailplane support structure weighs 

approximately 10% of the tailplane struc

ture group weight, or .25% of the MTOW in 

the case of central fin tailplane confi

gurations. 

For nose landing gears the support struc

ture weight is included in the figure 

given in Section D-5.2. 

For wing-mounted main landing gears, but 

fuselage-mounted sidestays, the fuselage 

weight penalty is typically 5% of the main 

landing gear weight, or .. 15% of the MTOW. 

For fuselage-mounted main landing gears: 



-3 
Weight ~ 3 x 10 nult wto (D-24) 

The tank support structure weighs approxi

mately .2 lb per U.S. gal. (.024 kg/liter) 

of tank volume for fuselage-mounted tanks. 

D-7. ADDITIONAL WEIGHT ITEMS 

Wing/fuselage fairings may be quite heavy

sometimes of the order of 5% of the wing 

structure weight. They are usually consid

ered as part of the wing group weight. 
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per ft (30 kg/ml extended length. 

For paint, sealing and redux a weight pen
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for production joints in the fuselage of a 

transport aircraft the weight penalty is a

bout 2 to 3% of WG. 
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Appendix E. Prediction methods for lift and pitching 
moment of aircraft in the en route configuration 

SUMMARY 

A concise collection of formulas, generalized data and methods is presented for esti
mating the lift and pitching moment coefficients at subcritical flight speeds in the 
cruise configuration. All methods are readily applicable in the preliminary design 
stage of conventional aircraft. 

Some effects of wing-fuselage interference and the trim load on the tailplane are in
cluded and conditions are derived for choosing the wing and horizontal stabilizer an
gles of incidence relative to the fuselage. 
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NOMENCLATUR'E 

A - aspect ratio; A • b 2/S (no index: 

a.c. 

c 
;; 

f 

G 
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wing aspect ratio) 

- aerodynamic center 

- number of blades per propeller 

- span; width (no index: wing span} 

- coefficients in Diederich's meth-

od 

- 3-dimensional lift coefficient; 

CL "' L/qS 

- lift-curve slope; CL = dCL/daf 
a 

- CL when the fuselage is horizon-

tal (af = 0) 

- 3-dimensional pitching moment co

efficient; em = M/qSc 

- em about an axis through the aero

dynamic center 

- chord 

- mean aerodynamic chord (MAC} de-

fined in Appendix A, Section 

A-3.3 

-mean geometric chord (SMC), de

fined in Appendix A, Section 

A-3.1 

- center of gravity 

- 2-dimensional lift coefficient; 

c 1 = lift/(unit span x qc} 

- lift-curve slope of an airfoil 

section 

- "additional" lift coefficient 

- "basic" lift coefficient 

- design lift coefficient 

- 2-dimensional pitching moment 

coefficient; em = pitching moment/ 

(unit span x qc2} 

- c m 
about the airfoil aero-

dynamic center 

- em about the 

chord point 
airfoil 

- propeller diameter 

quarter-

- Jone's edge-velocity correction; 

E = semiperimeter/span 

- Anderson's correction factor for 

CL ; Diederich's lift distri-
a 

bution function 

- Anderson's factor for computing 

em due to twist 
ac 

- fuselage height 

i angle of wing/fuselage, tailplanel 

fuselage or tailplane/wing setting 

J - Anderson's factor for computing 

aL 
0 

K1 ,K11 - factors for calculating the 

k 

m 

q 

R 

lift on the wing plus body 

- ratio of aci to 2n 
a 

- factor for the effect of nacel.].es 

and propellers od xac 

- correction factor for CL 
max 

- lift 

- Anderson's lift functions 

- length; moment arm 

- pitching moment; Mach number 

- geometric parameter defining the 

vertical position of the hor~ 

zontal stabilizer 

- dynamic pressure; q 

- Reynolds number ; R 

IJpv. 2 

V 1/V 

r - geometric parameter defining the 

s 
t 

v 
0 

X 

horizontal stabilizer longitudinal 

position 

- area (no index: gross wing area) 

- airfoil thickness, defined in Ap-

pendix A, Section A-3.1 

- flight speed 

- coordinate measured from the MAC 

leading edge, measured in the 

direction of zero lift, positive 

to the rear 

y - spanwise coordinate, measured from 

the airplane centerline, positive 

to port 

a - angle of attack (no index: mea-

sured relative to the wing zero

lift line) 

( a ) - zero-lift angle of attack of the 
Lo f 

wing relative to the fuselage 

datum line 

- zero-lift angle of an airfoil sec

tion, defined in Appendix A, Sec

tion A-2.2 

- Prandtl's compressibility correc

tion: s=y~ 
~ -increment; for example: ~h··· 



fly 

E 

I) 

v 

increment due to horizontal tail 
- leading edge sharpness parameter 

of a section, defined in Fig. A-2 
of Appendix A 

- aerodynamic twist; angle of down
wash 

- non-dimensional spanwise station; 
b 

I) = y/2 
- sweep angle of quarter-chord line, 

defined in Appendix A, Section 
A-3.1 

- corrected sweep angle; tan Aa = 
tan A114;a 
taper ratio (no index: wing taper 
ratio, defined in Appendix A, Sec
tion A-3.1). 

- kinematic viscosity 
- air density 
- airfoil section trailing-edge 

angle, defined in Appendix A, Sec
tion A-2.1, and Fig. A-3 

E-1. APPLICABILITY OF THE METHODS 

Apart from the simplifications occasional
ly made in the derivation of the methods 
presented, some general restrictionson the 
validity of the methods must be mentioned. 
a. Flight speeds are subcritical, i.e. 
shock waves are absent and compressibility 
effects are restricted to those thatcan be 
analyzed with subsonic potential flow the
ory. 
b. Angles of attack are relatively small, 
so that the flow is predominantly non
separated. 

c. Wing aspect ratios exceed 4/cos A114 and 
wing sweep angles are less than 35°, ap
proximately. 
d. Only power-offconditions are considered. 
e. The effects of aero-elasticity are ig
nored. 
f. Ground effect is not considered; see 
Appendix G, Section G-7. 

The above conditions are generally met by 
"conventional" subsonic aircraft in most 
flight conditions. Other types ofaircraft 

INDICES 

A-h 

a 

ac 

b 

cg 

ex 

f 

fn 

h 

LE 

n 

net 

n 

p 

r 

TE 

t 

z 

- aircraft minus horizontal tail 
- additional lift 
- aerodynamic center 
- basic lift 
- center of gravity 
- exposed 

- fuselage 
- nose section of the fuselage 
- horizontal tailplane 
- leading edge 
- nacelle(s) 

net wing area 
- neutral point 
- propeller 

- root 
- trailing edge 
- tip 

- vertical displacement of wing 

and types of flow can be analyzed with the 
USAF Stability and Control DATCOM (Ref.E-3) 
and the R.Ae.S. Data Sheets (Ref. E-5). In 
the sections which follow it is assumed 
that a copy of Abbott and Von Doenhoff's 
textbook, "Theory of wing sections"· (Ref. 
E-14), is available to the reader. 

E-2. CONTRIBUTIONS TO THE LIFT 

The airplane lift is thought of as being 
composed of wing lift, fuselage lift, hor
izontal tailplane lift, nacelle lift and 
lift due to the powerplant installation. 
In this Appendix only the "clean" config
uration will be considered, i.e. flaps, 
undercarriage, spoilers, etc. are assumed 
retracted. 
In the preliminary design stage the air
plane lift is frequently approximated by 
the lift on the isolated gross wing*). 

•l Definition in Appendix A, Section A- 3. 1, 
and Fig. A-5. 
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It is therefore assumed that the fuselage 

lift is roughly equal to the lift on the 

wing center section in the absence of the 

fuselage. Other contributions are ignored. 

However, if the fuselage width is relativ

ely large, wing;fuselage interference ef

fects on lift should be taken into account. 

Particularly in the case of a forward e.g. 

location the horizontal tail download may 

be appreciable. Methods for predicting 

these effects are therefore included in 

the present survey. The effect of nacelles 

on lift is generally small and difficult to 

predict and is frequently ignored, but the 

shift of the aerodynamic center due to 

nacelles should be taken into account. 
Power effects on lift and pitching moment 

are of vital importance to the performance 

and operation of propeller-driven V/STOL 

aircraft, but the subject is considered to 

be outside the scope of this appendix. It 

is covered thoroughly in the DATCOM method 

and in Refs. E-39 through E-43. 

For a given Mach number the lift is a lin

ear function of the angle of attack (see 

Fig. E-1): 

(E-1) 

6 a em 

Fig. E-1.General shape of the lift curve 

This expression is valid up to angles of 

attack approaching the critical angle of 

attack. Except insofar as it may give him 

some idea of certain stalling properties 

(Ref.·E-7), the CL vs. a curve in the 

stalling region is generally of little 
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concern to the designer in the pre-design 

stage. It is usually found that 1acrit is 

betwe~n 1° and 3° (see Fig. E-1). 

The power-off airplane lift is 

(E-2) 

where the first contribution is due to the 

wing, fuselage, nacelles and (windmilling 

or feathered) propeller(s), i.e. the air

craft minus the horizontal tailplane. The 

second term is a correction for the tail-

plane lift. 

E-3. LIFTING PROPERTIES OF AIRFOIL SEC

TIONS 

Section properties may form a basis for 

estimating the wing characteristics with 

a reasonable degree of accuracy. For sev

eral standard airfoil sections these 

characteristics may be obtained from Refs. 

E-12 through E-16 and many other NACA pub

lications. An example is given inFig. E-2. 

For non-standard airfoils the DATCOM pre

sents a generalized method based on the 

leading edge sharpness parameter 6y de

fined in Appendix A, Fig. A-2. 

E-3.1. The zero-lift angle 

The zero-lift angle may be computed from 

potential flow methods or empirical data: 

four-digit NACA airfoils: a =-(%wing 
~0 

camber) (deg. \ 

five-digit NACA airfoils: a = -4 c 
~0 ~i 

(deg.) 

six -digit NACA airfoils: 

(deg.) 

E-3.2. Lift-curve slope 

According to the DATCOM method, the lift

curve slope is given by: 

c = 
~ a 

1 aos [ (c~ c)~ai ] (c~a) 
atheory theory 

(E-3) 
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Fig. E-2.Experimental data on the NACA 64-

215 airfoil section (Ref. E-14) 

(c~) =211+4.7t/c(l+ .. 00375<P.fEl 

"theory 
-1 (rad ) (E-4) 

<PTE = section trailing-edge angle (degrees~ 

defined in Fig. E-3. 

See also Fig. A-3 of Appendix A. 

For the ratio of experimental to theoreti

cal c~ for boundary layer transition near 
a 

the leading edge, see Fig. E-3. For thick-

ness/chord ratios between 10% and 20%, 

c~ = 6.1 per radian is a representative 
(1 

value. Ref. E-5 gives a method for transi-

tion at 50% chord. 

E-3.3. Maximum lift 

The best approach is to use experimental 

data. Instead of presenting a generalized 

method, ~'ig. E-4 is proposed as a guide

line to the .designer who is interested in 

the highest value of c~ -max that can pes

sibly be achieved for a given t/c and chord 

Reynolds number, provided the section is 

suitably cambered and an optimum nose shape 

is chosen. An envelope of c~-max values for 

NACA sections is shown on which the follow

ing comments may be made: 

a. For t/c<10% the c~-max envelope is not 

very sensitive to Reynolds effects. 

b. For t/c<l2% leading edge stall predomi

nates. The leading edge sharpness parameter 

~y, defined in Fig. A-2 of Appendix A, may 

be used to predict c~-max using the DATCOM 

method. 

c. For t/c>12% trailing edge stall is pre

dominant and c~-max is sensitive to 

Reynolds number effects. 

d. High c~-max values are obtained with 5-

digit series airfoils. Laminar flow air -

foils with c~i"' • ~and the maximum thickness 

not too far aft have c~-max values some 

.08-.12 lower. 

e. The ultimate c~-max for airfoils of the 

standard NACA series appears to be approx. 

1.8 for the NACA 23012 airfoil at R=9x10 6 • 

Higher values are possible with special 

airfoil designs, e.g. recent experiments 

with a 17% thick supercritical rear loading 

section indicate that even values slightly 

above 2.0 are possible (Ref. E-18). 

E-4. WING LIFT AND LIFT DISTRIBUTION 

E-4.1. Lift-curve slope 

a. For straight wings (A 114=0°) in in

compressible flow, according to Ref. E-20: 

(E-5) 

where f is a correction factor for wing 

taper, shown in Fig. 8 of Ref. E-14. For 

.2<A<1.0 f may be assumed equal to .995. 

Jone's edge velocity factor E is equal to 
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Fig. E-3. Effect of 

trailing-edge angle 

on section lift curve 

slope 

(Ref. E-3} 

Fig. E-4. Envelopes of ci-max 

values obtainable with NACA stand

ard airfoils 

(composed from experimental data 

in Ref. E- 14 } 



the ratio of the planform semiperimeter to 

the span of the wing. For straight-tapered 

wings a reasonably accurateapproximation 

is: 

E 2A 
1 +A(1+1>) (E-6) 

For a 2-dimensional lift-curve slope of 

211/radian: 

c~ 
(l 

211 
+ .! 1+21> 

A 1+ A 

The effect of compressibility may be 

corporated by replacing A bij SA and 

by BCL 
wcx 

(E-7) 

b. Swept wings, compressible flow (DATCOM 
method). 

where 

and 

As compared to results from lifting sur

face theory (Ref. E-31), (E-8) yields good 
0 results for A8>30 ; CLw is overestimated 

(l 

by ~4% for A8=o0 and by ~2% for As=20°. 

E-4.2 Spanwise lift distribution 

The lift may be divided into additionaland 

basic lift: 

(E-9) 

In terms of the non-dimensional parameters 

La and Lb used by Anderson: 

(E-10) 

(E-ll) 

c 1 c 
_b ___ E_ 

(E-12) 

The definition of wing twist £t is ex
pl~ined· in Appendix A, Section A-3.2. 

Anderson presents tables for La and ~ for 

straight-tapered wings with linear twist in 

incompressible flow. The followingrnore gen

eral semi-empirical method by Diederich 

(Ref. E-21) yields satisfactory results for 

pre-design purposes. It is valid for wings 

with arbitrary planform and lift distri

bution, provided the quarter-chord line of 

a wing ha·lf is approximately straight. This 
method can thus be used for straight and 

swept wings in compressible, subcritical 

flow. 

a. Additional lift distribution. 

(E-13) 

For coefficients c 1 , c 2 and c 3 , see Fig. 
E-5; for lift distribution function f, see 

Fig. E-6. For straight wings f is ellipti

cal and (E-13) can be simplified to: 

(E-14) 

This result is similar to the well-known 

approximation by Schrenk (Ref. E-19), pro

vided c 1=c2+c 3=.5. 
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b. Basic lift distribution. 

The formula derived by Diederich in Ref. 

E-21 may be modified to a form similar to 

that used by Anderson: 

(E-15) 

(E-16) 

and the factor c 4 (Fig. E-5) is identical 

to the product o f k 0 and k 1 used in Ref. 

E-21. The factor a is equal to the local 
01 

aerodynamic twist at the spanwise station 

for which c 1 = 0, assuming a wingtip twist 
b 

angle of one degree relative to the root. 

For the case of a linear twist~ distri

bution (E=D Et) and elliptic L , a = 4/3n. a o 1 
For straight-tapered unswept wings with 
linea r twist distribution, (E-16) can be 

evaluated with La in (E-14) to yield: 

(E-17) 

•J Definition in Section A-3.2 of Appendix 

A. 
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The factor a is very simi~ar to 
01 

Anderson's factor J for straight wings 

with rounded tips (Ref. E-20, but see also 

Ref. E-14). 
For straight wings with linear lofted 
twist •l Fig. E-7 can be used. This diagram 

is based on results of lifting surface the

ory, reported in Ref. E-31, from which it 

can also be concluded that relative to Fig. 

E-7, a0 for swept wings should be reduced 
1 

by approximately .0006 per degree of A8 . 

For arbitrary twist distributions a must 
01 

be computed numerically. 

E-4.3. Zero-lift angle 

The lift coefficient in the linear range is 

(E-18) 

The angle of attack ar is defined relative 
to the root chord, while the zero-lift 

angle of attack is: 

*) Definition in Section A-3.2 of Appendix 

A. 

(E-19) 

For the root section a~ can be obtained 
0 

from airfoil characteristics (Section E-3). 

Note that for washout ct is negative. 

E-4.4. Maximum lift 

The basic procedure for estimating the 

maximum lift of high aspect-ratio straight 

wings is explained in, for example, Refs . 

E-14 and E-32. Abbott and Von Doenhoff's 

summary is quoted here: 

"The maximum lift coefficient of the wing 

may be estimated from the assumption that 

this coefficient is reached when the local 

section lift coefficient at any position 

along the span is equal to the local c~ -

max for the corresponding section. This 

value may be found conveniently by the 
process indicated in Fig . E-8. Spanwise 

variations of the local c~-max and of the 

additional c~ for CL=l and c~ distri-
a b 

butions are plotted. The spanwise varia-

tion of c,-max minus c is plotted and 
,_ ~b 

Fig. E-7. Zero-lift angle of at

tack per unit of twist for 

straight wings (Ref. E-31) 
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Fig. E-8.Example of lift distribution for 
a straight wing (Ref. E-14) 

the minimum value of the ratio of (cR. 
max 

CR.b ) to c1 
a 

at CL = 1 is then found. 

This ratio is considered to be the maximum 
lift coefficient CL-max of the wing." 
A simpler but less accurate approach is: 

h )+ 
max r 

(E-20) 2 

where ks=.88 for A=l and .95, approxi -
mately, for tapered wings. 
This expression does not take the effects 
of wing twist into account. The procedure 
described loses validity as wing sweep is 
increased, mainly due to the effects of 
the spanwise pressure gradients, which 
cause crossflows in the boundary layer. 
In spite of this, Callaghan reports in 
Ref. E-ll that the same approach works 
quite well for moderate sweep angles. The 
following procedures are suggested. 
a. Twisted swept wings, airfoil - section 
variation along the span. 
The basic and additional lift variations 
are computed by any suitable method, e.g. 
(E-13) and (E-15). The total lift coeffi
cient for each section is compared with 
the corresponding value of cl cos A114 

·max 

476 

and the procedure described previously for 
straight wings is applied to estimate CL -. 
max. Alternatively, (E-20) may be corrected 
by multiplication by cos A114 • 
b. Untwisted, constant airfoil-section 
swept wings. 
CL-max is derived from the section c1-max 
with Fig. E-9. The parameter 6y may be ob
tained from Fig. A-2 of Appendix A. 
Alternatively: 

CL = 0.9 c 1 cosA 114 for t/c>O.l2 
max max 

(E-21) 

Compressibility affects CL-max at Mach 
numbers above .2 approximately. TheDATCOM 
method (Fig. 4.1.3.4-15) or Ref. E-29 can 
be used to estimate the order ofmagnitude 
of this effect . 
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Fig. E-9.Effect of sweep angle onmaximum 
lift (DATCOM method, Ref. E-3) 

E-5. PITCHING MOMENT OF THE WING 

It follows from the definition of the 
aerodynamic center of the wing in Section 
A-3.3 of Appendix A that: 

xcg- (xaclw 
(E-22) 



B-5.1. Aerodynamic center 

LocatLon of the aerodynamic center, rela

tive to the MAC leading edge: seeFig.E-10. 

This diagram has been compiled from the 

results of lifting surface theory. The ¥AC 

can be computed with the data of Appendix 

A, Section A-3.3. 

E-S.2. Pitching moment (c ) 
mac 

w 

=(c ) +ll c m £ m 
ac basic ac 

(E-23) 

The first term is the contribution of the 

spanwise airfoil-section camber distri -

bution: 

b/2 

~c; I 
0 

(E-24) 

The value of c can be obtained from po-
mac 

tential flow theory or from experimental 

data on 

tive to 

constant 

= c 
mac 

airfoils. It is primarily sensi

the shape of the mean line. For a 

airfoil-section wing (em ~basic 
ac 

The last term in (E-23) is the contri -

bution of the basic lift distribution due 

to twist: 

2 

sc 
0 

b/2 

I (E-25) 

Assuming that all section aerodynamic cen

ters are located on a straight quarter -

chord line: 

1 

li£Cm =-!A~ tan A lc s:_n dn 
ac 2 c ·11 4 ib c 

0 g 

(E-26) 

The ratio cg/c=SMC/MAC may be obtained from 

Fig. A-8 of Appendix A. 

a. For arbitrary twist distribution, the 

integral must be solved numerically, using 

the basic lift distribution obtained from 

any suitable method, e.g. Diederich's. 

b. For linear twist distribution, straigh~ 

tapered wings with rounded tips in incom -

pressible flow, Anderson has evolved (E-25) 

to: 

-G .:s £tcia 
_ E A tanA 114 
c 

(E-27) 

A diagram to compute G can be found on page 

20 of Ref. E-14. This result applies to 

small sweep angles only, since the effect 

of wing sweep on_ the lift distri.~ution is' 

not considered. 1 

c. For linear lofted straight-taperedwings 

Kapteyn presents diagrams in Ref. E-31 , 

based on lifting-surface theory (Ref. E-30). 

The result can be generalized as follows: 

-a( li£Cmac) 

.0066+.029l-.03l 2+.00273(l-.095) (6A) (E-2~ 

E-6. WING/FUSELAGE INTERFERENCE EFFECTS ON 

LIFT 

The major aerodynamic interference effects 

between t~e wing and the non-cambered fuse

lage are (Fig. E-11): 

a. In inviscid flow the resultant force on 

a closed body is zero. In viscous flow and 

in the presence of the lifting wing, how -

ever, the lift on the body nose, which is 

in the upwash field, is counteracted only 

partly by the download on the rear fuselage 

which is in the downwash behind the wing. 

b. The flow component normal to the fuse

lage axis (crossflow) induces increased 

effective angles of attack of the wingsec

tions, particularly near the wing/fuselage 

junction. 

c. There is a wing lift carry-over into the 

body, although this lift component is less 

than the lift that would be produced by the 

wing section replacing the fuselage if the 

latter were absent. 

d. Vertical displacement of the wing rela

tive to the fuselage centerline alters the 
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flow pattern, as explained by Hoerner (Ref. 

E-38, p. 8-17). This results in a lift re

duction for high-wing and a lift increment 

for low-wing configurations (~ 2CL). 

The lift components can be added together 

to obtain the total wing fuselage lift: 

(E-29) 

The various angles are defined in Fig. 

E-12. The wing/body incidence iw is treated 

in Section E-9, while the lift-curve slope 

of the wing;body combination is: 

For ~zCL Hoerner states: 

'\CLS/crbf= -.1: high wing 

0 mid wing 

+ . 1: low wing 

The net wing area is defined in 

(E-30) 

(E-31) 

(E-32) 

Appendix A, Section A-3.1. A method toes

timate KI and KII can be found in Ref.E-37. 

For fuselages with near-circular cross -

section, with bf/b< .2, this methodcan be 

approximated by: 

b s b 2 
K = (1+2 15~)~t+ __ n __ f_ 

I . b S 2CL S (E-33) 

wo. 

and 

(E-34) 

The net wing area S net is defined as the 

projection of the part of the wing outside 

the fuselage, assuming a mid-wing config

uration with the same gross area (cf. Ap

pendix A, Section A-3.1). For fuselages 

with swept-up tails, the flow pattern is 

considerably more complicated (cf. Section 

3.5.1) and the previous methods have very 

limited value. 

All interference effects treated thus far 

are potential-flow effects and must there

fore be considered as "minimum effects" 

valld for small angles of attack. At high 

angles of attack separation near thewing/ 

fuselage junction may result in a reduction 

of ~L-max. These effects may be minimized 

by suitable filleting, adaptation of the 

planform shape (e.g. a locally extended 

root chord), suitable twist and airfoil 

section modification. From Fig. E-ll it can 

be concluded that fuselage effects may be 

small, provided the separation on the iso

lated wing occurs on the outer wing first. 

The presence of the fuselage may improve 

the stalling characteristics by shifting 

the separation more to the inboard wlng. 

No general rule for estimating the body 

effect on CL-max can be given. In prelim

inary design, therefore, the wing/fuselage 

CL-max is frequently assumed equal to that 

of the wing. The critical angle of attack 

is modified accordingly. This assumption 

may be somewhat conservative in the case of 

a high-wing location and optimistic for 

mid-wing configurations. 

E-7. WING/FUSELAGE PITCHING MOMENT 

The pitching moment equation for the wing/ 

fuselage combination is written as follows: 

x -- (x ) 
( ) 

cg ac wf 
ern TCL 

ac wf wf c 
(E-35) 

E-7.1. Aerodynamic center 

The a.c. location of the wing/body com

bination is sensitive to the pressure 

distribution and not to the integrated lift 
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~- c,!c, 
A· b'/S lh 
,. 2th/b 

force and it is therefore difficult topre
dict accurately. Only two corrections to 

the wing a.c. location will be considered 

here: 

c~c) =(x~c) + 
c wf c w 

6 f1xac + 6 f2xac 

c c 
(E-36) 

The correction llf 1xac represents the for
ward shift due to the fuselage sections 

forward and aft of the wing. The nose in 

particular contributes to this shift. Based 
on experimental data in Ref. E-6: 

(E-37) 

For geometric definitions see Fig. E-13. 

The correction llf 2xac accounts for the lift 
loss in the region where the wing/fuselage 
lift carry-over is concentrated and is 

derived from the DATCOM method: 
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E-7.2 

Fig. E-13. Wing/body/tail 

geometry 

(E-38) 

Pitching moment 

(E-39) 

The fuselage contribution llfCm can be ob
ac 

tained from Munk's theory (Ref. E-33). For 
fuselages with near-circular cross-sections: 

CL 
0 

(CL )-
a wf 

(E-40) 

where CL is CL for af=O (cf. SectionE-9.3) 
0 



and CL is per radian. If the cross~ection 

is notanear-circular, ~fern should be 
ac 

multiplied by the ratio of the actualcross-

section area to(~/4)bfhf. 

E-8. NACELLE AND PROPELLER CONTRIBUTIONS 

Some aerodynamic effects of engine nacelle 

installation are discussed qualitatively in 

Section 6.5. Accurate prediction of these 

effects is generally not possible in the 

preliminary design stage. It is therefore 

suggested that only the effects in theaero-
dynamic center location 

each nacelle separately 

X b 2 1 
lin :c =Ikn n n 

c sc (cL ) 
awf 

be estimated for 

and then added: 

(CL in rad- 1) (E-41) 
a 

where kn"' -4.0 for nacelles mounted in 

front of the LE of the wing 

kn "' -2. 5 for jet engine pods mounted 
to the sides of the rear 

fuselage. 

The geometry is defined in Fig. E-13. The 

distance ln is positive when the nacelle is 

in front of, negative when behind 1/4 MAC. 

Propeller effects can be very considerable 
in the power-on configuration; power-off 

effects on lift are small. However, lift on 

a windmilling propeller at incidence causes 

a shift in the a.c. For windmilling tractor 
propellers 

.Rage (Ref. 

the data given by Perkins 

E-ll are approximated by: 

• xac =-
"p - • 05 

c 

B 0 2 1 
I P P P 

sc(cL ) 
awf 

and 

(E-42) 

where BP is the nUmber of blades per pro
peller. Other definitions: see Fig. E-13. 

The effects of nacelles and propellers on 

xac are appreciable in the case of wing -
mounted engines with horizontally opposed 

cylinders, relatively high-poweredairplanes 
with a single tractor propeller in· the 

fuselage nose and jet airplanes with podded 

engines mounted to the sides of the rear 

fuselage. 

E-9. LIFT OF THE COMPLETE AIRCRAFT 

In this paragraph the location ofthe aero

dynamic center and moment about the a.c. ~·f 

the complete aircraft minus horizontalt;a~ 

as obtained from the previous sections, 

will be referred to as xac an6 em The 

moment coefficient is: .ac 

x -x 
C =Cm +CL ~ (E-43) 

m,.-h ac c 

E-9.1. Tailplane lift 

The horizontal tailplane lift to trim is 

obtained from the conditions of longitudi

nal equilibrium and lift =weight: 

(E-44) 

E-9.2. Total trimmed airplane lift 

By combining (E-2), (E-29) and (E-44), neg

lecting nacelles and lift due to the pro

pulsion system, we find: 

(E-45) 

E-9. 3. Wing/body incidence 

The wing incidence (rel~tive to the fuse

lage reference line), required to obtain a 

specified CL with the fuselage reference 
•l 0 axl.s horizontal (af=O), is obtained from 

(E-29), (E-30) and (E-45)1 

i .. 
w 

C~ -~zCL K 
wf +-I- ( • c K aol £t+ c.o\r "II L II .. l 

WCL 

(E-46) 

•l Strictly speaking, the fuselage floor 

line should be used as the reference for 

defining cf=O. 
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where 

(E-47) 

The values of CL and xcg frequently co~re-
o 

spond to mean values of CL and airplane 
weight*) at the design cruising altitude, 
but there may also be other factors to con
sider (cf. Section 7.7.2). 

E-9.4. Trimmed lift curve 

The data generated may now be used to ob
tain the lift curve of the trimmedairplane 
in the linear range, with the angle attack 
defined relative to the fuselage datum line: 

(E-1) 

where 

(E-48) 

and 

(E-49) 

provided iw is chosen in accordance with 
(E-46) and (E-47). 
The tailplane effect on CL-max can be found 
from the CL-a curve, assuming that the 
critical angle of attack is not affected by 
the presence of the horizontal tailplane. 

E-10. AIRPLANE PITCHING MOMENT AND NEUTRAL 
POINT (STICK FIXED) 

E-10.1. The stick-fixed neutral point 

According to Section 9.2.1 of Chapter 9: 

•> e.g. a payload equal to 50-60t of.the 
maximum·payload and half the trip fuel 
burnt. 
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(E-50) 
c 

Contrary to the previous section, CL in 
a 

this formula refers to the untrimmed (stick 
fixed) condition: 

(E-51) 

and xac refers to the airplane less hori
zontal tail. 
In the absence of better information, qh/q 
may be assumed equal to .85 for a fuselage
mounted stabilizer and .95 for a fin
mounted stabilizer, except in the case of 
a T-tail (with qh/q"- 1). 

The lift-curve slope of the tailplane can 
be computed with the method presented for 
wings in Sections E-3 and E-4, with the 
following typical corrections (where ap
plicable): 

- a reduction of 8% for an unsealed full
span ~ap between the elevator and the 
stabilizer, 
- a reduction of 5% if the elevator is 
beveled over its full root chord to accom
modate rudder deflection. 
These data refer to conventional, fuselage
mounted fins (class A in Fig. 2-23); for 
other configurations Ref. E-48 may be con
sulted. In the case of twin fins mounted as 
endplates to the stabilizer, the aerodynam
ic aspect ratio of the horizontal tailplane 
is approximately 1.5 times the geometric 
aspect ratio. 

The downwash gradient in unpowered flight 
is approximately: 

CL 
wa 

1. 75 -----'2;<,5.----
11A(Ar) • (l+lml) 

(E-52) 

The geometric parameters r and m are de
fined in Fig. E-.13. Pylon-mounted. jet ~
gine nacelles at the sides of the reartuse
lage reduce the factor (1-d£h/da) by ap-



proximately 10%. Due to the propeller-fin 

effect at zero thrust (1-dch/da) is de

creased by approximately .012 Bp (approxi

mation of data in Ref. E-l). 

E-10.2.Horizontal stabilizer incidence 

For zero elevator and trim tab deflection, 

the tailplane lift for a symmetrical sec

tion is: 

(E-53) 

where a and ih are measured relative to the 

wing zero-lift line (Fig. E-12). For a 

CL being the lift coefficient when the 
0 

fuselaqe is at zero angle of attack (Sec-

tion E-9. 3) . 

E-10.3.Pitching moment curve 

For zero elevator deflection and angles of 

attack in the linear range: 

dC 
C ;C + m C 

m m0 dCL L 

where 

dCm xn- xcg 
dCL;- c 

(E-56) 

(E-57) 

fixed stabilizer the condition may be im- and 

posed that the airplane is trimmed at 

CL;CL with the elevator neutral in order 
0 

to minimize the tailplane drag. 

Provided that: 

ch;O for CL=O, 

£h is a linear function of a , and 

CL ;CL ' 
w 0 

the required incidence relative to the 

fuselage datum line is: 

X -x 
c +CL ~ m dEh/da 

(i ) ; ac 0 c 
(E-54) 

5h1h qh 
+---C 

h f CL Lo 
CLh w 

sc q a 
a 

and that relative to the wing zero-lift 

line is: 

i ; (i ) -
h h f 

(E-55) 
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Appendix F. Prediction of the airplane polar at 
subcritical speeds in the en route configuration 

SUMMARY 

A concise collec.tion of formulas, generalized data and methods is presented for estimat
ing the airplane drag at subcritical speeds in the en route configuration. All methods 
are applicable in the preliminary design stage of conventional aircraft. 
Drag associated with the trailing vortices and profile drag are computed for the iso
lated, smooth airplane parts. Some corrections are given to account for the interaction 
of the flow fields of parts placed in close proximity. Finally, a number of data and 
methods are given to account for the effects of surface imperfections, powerplant instal
lation, protuberances and other extras. 
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NOMENCLATURE 

A 

B 

b 

c 
cc 
c 

c 

aspect ratio (no index: wing as

pect ratio); constant in drag e

quation; planform area 

-cross-sectional area of astream-

line body 

- factor of CL in drag equation 

- span; width 

- coefficient of proportionality, 
conversion constant 

- chord 

- Mean Aerodynamic Chord 

c 1 ,c2 ,c3 - coefficients in Diederich'smeth

od (cf. Appendix E) 

C ,c 1 
0 1 1 

D 

4S8 

coefficients determining the 

vortex-induced drag due to twist 

total circumferential length of 

wing/fuselage intersection 

- two- and three-dimensional drag 

coefficient 

- CD based on frontal area 

- zero-lift drag coefficient 

- two- and three-dimensional pro-

file drag coefficient 

- vortex-induced drag coefficient 

- reference drag coefficient at 

CL = CLref 
- skin friction drag coefficient 

of smooth flat plate 

- geometric mean chord 

- two- and three-dimensional lift 

coefficient 

- CL at "f = 0 
- lift-curve slope of section and 

aircraft respectively 
- design lift coefficient of sec

tion and wing respectively 

- CL for minimum (reference) CD 

- aerodynamic pitching moment a-

bout the aerodynamic center of 

aircraft less tail 

- drag; diameter; factor of cL2 

term in drag equation 

- diameter of capture area of en

gine air 

factors in fuselage drag equa

tion 

- drag due to cross flow component 

of v~ 

E 

e 

FR 

f 

h 

k 

L 

1 

- diameter of cylindrical fore

body of boat tail 

Jones' edge velocity factor {cf. 

Appe:>dix E) 

- Oswald"s factor for the induced 

drag coe:Cficient 

- boat tail fineness ratio 

-drag area; Diederich's sweep 

function (cf. Appendix E) 

- height 

equivalent sand grain size 

- boat tail length 

- length 

- flight Mach number 

- Mach number of fan and gas gen-

erator flows respectively 

ma,mc,rnj - mass flow per unit time of en

gine air, cooling air and en

gine exhaust flow respectively 

NPR 

r 

s 

T 

u,v,w 

v 

X 

- Nozzle Pressure Ratio; i.e. 

(total pressure at nozzle exit) 

/p~ 
- number o£ engines 

- brake power 

- ambient pressure (static) 

-dynamic head (q~=\p~v~ 2=\yp~M~2 ) 
- Reynolds number 

- radius of curvature 

- area; no subscript: gross wing 

area 

- net wing area (cf. Appendix A, 

Section A-3 .1.) 

- thrust 

- ambient temperature (static) 

- propeller thrust coefficient 

- t.hickness; canopy nose or tail 

s~ction length 

Anderson's factors in vortex

induced drag coefficient of wing 

- volume; velocity of flow 

- flight speed 

- exhaust and inlet velocity re-

spectively 

- weight flow per second oi en

gine air and jet flow respec

tively 

longitudinal coordinate 

- distance of transition region 

downstream from the nose or 

leading .adge 



y - spanwise coordinate, measured from 

~ing centerline 

a - angle of attack 

af - angle of attack relative to fuselage 
centerline 

af - at for minimum fuselage drag coeffi

cient 

ai - induced angle of attack 

S - Prandtl-Glauert compressibility fac

tor (S=~); fuselage tail upsweep 

angle; length of cowl forebody/total 

cowl length; boat tail angle 

y ratio of specific heats (for air: 

y=l.4) 

6 - increment; e.g. 6iCD = increment in 

c0 due to interference 

- increment of plane wing vortex-ir.

duced drag coefficient due to addi

tional lift 

£ - angle of twist; downwash angle 

n non-dimensional spanwise coordinate 

(n=2y/b) 

np - propeller efficiency 

8 - relative atmospheric temperature T00 / 

(T00 at sea level, standard conditions) 

ej - deflection angle of jet flow relative 

to free stream 

A - sweepback angle of quarter-chord line 

(unless otherwise stated); no index: 

wing sweepback angle 

AS - corrected sweepback angle (tan As= 

(tan A)/8) 

A - taper ratio; slenderness ratio 

v - coefficient of kinematic viscosity 

P00 - density of ambient air 
a - relative density =p00 /(p 00 at sea level, 

standard conditions) 

•P - shape factor in profile drag coeffi-

cient equation 

F-1. DRAG COMPONENTS 

Airplane drag can be subdivided in a num

ber of ways. The terminology used in sev

eral schemes is discussed in Section 11.2 

of Chapter 11. The usual breakdown for the 

purpose of performance analysis is as fol

lows: 

Subscripts 

A - afterbody section 

a - engine airflow 

ac - aerodynamic center, aircraft less 

horizontal tailplane 

b - base; brake 

c - mid-section of body 

c - cross flow; cooling; 

cg - center of gravity 

cp - center of pressure 

coefficient 

e - excrescence(s); engine; eMhaust 

F forebody section 

f - fuselage; fan 

g - gas generator; gross 

h - highlight; horizontal tailplane 

i - interference; inlet; design condition 

jet flow 

LE - leading edge 

1 - lift 

N - nose section 

n - nacelle 

P - pressure 

p - profile; propeller, plug 

py - pylon 

r - root 

s - slipstream 

ss - slats and steps 

st - strut 

t - tip 

uc - undercarriage 

v - vortex; vertical tailplane 

w - wing 

wet- wetted by airflow 

B - boat tail 

~ - quarter-chord line 

~ - mid-chord line 

aB - denotes effects of cross flow and 

fuselage upsweep 

c 2 
+....!:... 

nAe (F-1) 

Section 5.3.1. gives an explanation of 

these terms and an initial estimationmeth

od for c 00 and the Oswald factor e. At the 

stage where the layout and principal geo

metric properties have already been de-
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fined, a mare detailed analysis becomes 

appropriate. The information required for 

this is given in this Appendix. 

Drag ~an be broken down into the following 

components ~see Table F•l): 

a. Vortex-induced drag: pressure drag as

sociated with the kinetic energy required 

to generate trailing vortices and down

wash. Provided all main airplane parts are 

considered as isolated bodies, most compo

nents of vortex-induced drag can be calcu

lated fairly accurately, using classical 

potential flow methods. 

b. Profile drag: drag due to the boundary 

layer and regions of separated flows a

round the main airplane parts placed in 

isolation. For well-streamlined, smooth 

aircraft components, the skin friction 

drag dominates at ·small angles of attack, 

while pressure drag is only a fraction of 

the tot~l drag. Profile drag can be esti
mated reasonably accurately for the most 

common airplane shapes. 

c. Interference effects: corrections to 

allow for the interaction of the flow field 

around the airplane parts. Although for a 

well-designed airplane the interference 

drag is not more than 5-10% of the total 

zero-lift drag, and may even be negative, 

prediction methc.ods are very unreliable for 

most components. 
d. Drag due to protuberances, surface ·im
perfections and other extras: calculation 

must be done partly on the basis of known 

design geometry (cockpit drag, intake 
scoop drag, etc.) and partly on a statis

tical basis (drag of rivets, joints, gaps, 

leaks, etc.). 

The vortex-induced drag of a pLane wing 

(i.e. the wing is not twisted) is zero for 

CL = 0, but profile drag, interference 
drag and several vortex drag components 

are minimum at some positive reference 

(datum) value for CL' e.g. in cruising 
flight. Hence, the condition for minimum 

CD will be found for 0 < CL < CL and 
(F-1) therefore approximates thecractual 

polar curve only in a limited region of CL 

(cf. Fig. 5-4) • 
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The drag polar at subcritical sp~ can 

be ob~ained by computation of all items 

mentioned in Tables F-1. The drag compo

nents are presented in the following fom: 

(F-2) 

To avoid confusion. as to the reference ar

ea to which these compoaents are related, 

most data will be presented in the form of 

* a drag area f = (CDS),j • Components can be 

related to the gross wing area as.follow.: 

(F-3) 

All drag areas can be added and the total 

drag coefficient is: 

l:(CDS)) 
CD= --8-- (F-4) 

Drag components are very often expressed 

as "counts";.1 count is ACD a .0001, based 

on the wing area. Addition of all compo
nents in Table F-1** results in the final 

expression: 

(F-5) 

Alternatively, the drag polA~ ill&Y be ex

pressed as follows: 

(F-6) 
where 

CL =-B/2D; C -A-D C 2 
ref Dref- Lref 

1\=D 

A polar of the shape given by (F-1) can be 
obtained by plotting calculated values of 

CD vs. cL2 and making a straight line ap

proximation in the CL region between the 

high-speed cruise and approximately 70% of 

*An exception is made for wing drag com

ponents, related to the gross wing area s. 

**To avoid mistakes it is useful to fill 

out Table F-1 in counts, by mu].tiplying 

all components by 104 The values of A, B 

and Dare then divided by 104 • 
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The most important restrictions to most of 

the methods presented are the same as thos 

stated in Appendix E for the lift predic

tion. In terms of wing geometry: 

t/c > 9% 

A > 4/cos A~ 

A~ < 35° 

Tl.ese approximate limits generally define 

wings with attached flow at small angles of 

attack and full leading edge suction, pro

vided they have adequate camber and wash

out and the angle of attack is in the nor

mal operating regime. Flight speeds are 

limited to subcritical Mach numbers. An 

estimation of the drag-critical Mach number 

can be found in Section 7.5.2. 

The data presented in this Appendix are 

sufficiently complete to make a drag anal

ysis for the most common aircraft shapes. 

However, the designer should be on the a

lert for special drag components to be an

ticipated in his particular design. The 

well-known book by Hoerner (Ref. F-18) and 

other publications listed in the refer

ences can be consulted in such cases, and 

if a more detailed analysis is desirable. 

F-2. PRIMARY COMPONENTS OF VORTEX-INDUCED 

DRAG 

The lift-dependent drag due to trailing 

vortices is associated with the kinetic 

energy lost in the system of trailing vor

tices behind the aircraft. For the wing it 

is given by the equation 

CD I 
c~c 

dn a. 
c l. v g 

0 

(F-7) 

where 

+l 
l I d r~c)~ a.= 4rrA dri' l. cg n-n' 

-1 

(F-8) 

These equations are valid only for symmet

rical lift distributions. 
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F-2.1. Untwisted plane wings 

Assuming for the moment* that all lift of 

the airplane is generated by an untwisted 

plane wing, the vortex drag coefficient, 

based on S, can be defined as: 

c 2 
L 

(l + 6) 1iA (F-9) 

Equations F-7 and F-9 can be combined: 

l 

I 
c~c 

dn c ll. 
1 

0 
g 

l + 6 rrA 

[/ c~c r (F-10) 

--dn 

0 
cg 

with 6 = 0 for an elliptical lift distri

bution. 

The solution of (F-8) and (F-10) requires 

a knowledge of the lift distribution along 

the span, which may be obtained for poten

tial flow using any classical lifting line 

or lifting surface theory. Although in many 

institutes these are available in the form 

of standard computer programs, it may be 

desirable to use a simpler approach in the 

preliminary design stage. Several possibil

ities will be given from which a choice can 

be made: 

METHOD A. Garner has demonstrated (Ref. 

F-39) that there is a correlation between 

6 and the spanwise center of pressure ncp' 

6 = 46.264 (ncp- 3~) 2 (F-11) 

where 

l 

I (F-12) 

0 

For a known lift distribution this inte

gral is simpler to evolve than (F-8) and 

(F-10). For example, the expression for the 

*corrections will be dealt with in Sec

tion F-4. 



additional lift distribution given by 

Diederich (Section 4.2. of Appendix E) can 

be used: 

I 
0 

1 
c 

c 
g 

1 

I f 11 d11 

0 (F-13) 

Although Diederich's approximation for the 

lift distribution is not very accurate, it 

has the advantage that arbitrary wing plan

forms can be dealt with. For the case of a 

straight-tapered wing, we have 

1 

I c 11 dn 
o cg 

1 + 2A 
3(1 + A) 

(F-14) 

while the last integral in (F-13) can be 

approximated by: 

1 

j f n d11 
4 

3rr + .001 As (As deg.) (F-15) 

0 

Hence, for straight-tapered wings: 

where cl, c2 and c3 are factors given in 

Fig. E-5 of Appendix E and AS is in de

grees. The author's experience is that 

(F-11) gives accurate results for corrected 

aspect ratios (SA) up to 10 when compared 

with lifting surface theory. 

METHOD B. Anderson has generalized the re

sults of Prandtl's lifting line theory for 

straight-tapered wings with rounded tips in 

incompressible flow (Ref. F-29). A summary 

is giver in Fig. 10 of Ref. F-48 in the 

form of a diagram for u, 

~ 1 
u = T+6 (F-17) 

Lifting surface theory (e.g. Refs. F-40 and 

F-41) gives very similar results. The re

sults in Ref. F-41 can be represented by: 

o=l.ool5+.016 o-.4> 2 )(SA-4.5l 

(F-18) 

for 6<8A<30 .3<!.<1.0 

METHOD C. Results of an NLR cowputer pro

gram (Refs. F-40 and F-41) are presented 

in Fig. F-1, for .2 < A < .5 and AS up to 

60°. Similar results may also be obtained 

with Ref. F-36. 

F-2.2. Drag due to twist 

The shape of the lift distribution of 

twisted wings is no longer similar for dif

ferent values of CL. For zero lift the in

duced drag of a plane wing equals zero, but 

the basic lift distribution of a twisted 

wing ~auses a vortex-induced drag at zero 

lift. For straight wings with linear twist 

(low speeds) Anderson (Ref. F-29) repre

sents the drag coefficient due to twist, 

related to the gross wing area, as follows: 

Diagrams for determining v and w can be 

found in Ref. F-48, Figs. 11 and 12. For 

a near-elliptical additional lift distri
bution a first approximation is: 

(Et deg.) (F-20) 

For straight and swept wings with linear 

lofted twist (subcritical flow) Ref. F-41 

states: 

(F-21) 

The vortex drag factors are computed from 

lifting surface theory and depicted in 

Figs. F-2 and F-3. 

Some comments can be made on the results of the 

methods swnmarized above: 

1. For a representative straight wing (A= 8, 

= .4) the induced drag due to a linear washout of 

degrees at the tip is roughly twice as high when 

compared with a linear lofted* wing with the same 

twist angle. 

2. An "optimum twist angle" can be defined for 

which 6E CD reaches an extreme value. In terms of 
v 

*linear and linear lofted twist are defined in 

Appendix A, Section A-3.2. 
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Anderson's fac tors: 

E =- !(~)~ 
topt 2 c 1 w 

a 

corresponding to: 

I 2 v 2 
=- -c -

4 L w 

494 

Since w is positive, the induced drag is reduced 

when the twis.t is chosen according to (F-22) a.s 

(F-22) compa red with the plane, unt~isted wing. This sub

jec t i s treated more thoro ughly in Ref. F-38 for 

swept wings . It shOuld be noted , however, that for 

s weptback wings more aerodynamic twist than this 

optimum is usually required in order to lessen the 

tendency towards tip stalling . 
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F-2.3. Wing tip correction on vortex-in

duced drag 

In some potential flow methods the wing tip 

vortex is dssumed to be concentrated at the 

extreme tip of the wing. Anderson takes a 

circular tip shape, others assume square 

wing tips. As shown by Hoerner (Ref. F-18, 

page 7-5) the tip vortex location may vary 

noticeably with the tip shape. This obser

vation is confirmed by Schaufele and 

Ebeling in SAE Paper No. 670846 where they 

give an example of a minor change in the 

tip shape of a transport aircraft, result

ing in an appreciable gain in takeoff 

weight in the case of a second segment 

climb gradient limitation. As no analytical 

tools are available on this subject, no at

tempt is made to present a calculation pro

cedure here. 

F-2.4. Vortex drag induced by. fuselage lift 

A closed body in inviscid flow does not 

generate lift when placed at an angle to 

the flow. In viscous flow, however, the si

tuation is different due to the development 

of a boundary layer and subsequent break

down of the potential flow at the rear end 

of the body. Lift and vortex-induced drag 

of bodies are much more sensitive to vis

cous effects than those of a wing. This 

section deals only with the vortex-induced 

drag wh1ch is the direct result of lift; a 

second component is discussed in Section 

F-3.4. 

Calculation of lift and drag on isolated 

fuselages may be carried out with the meth

ods given in Refs. F-57 and F-60. However, 

due to the interference effects caused by 

the airflow around the wing, the result 

will not be accurate and the following sim

ple expression, based on various experimen

tal data, is therefore considered to be an 

acceptable alternative for bodies of revo

lution: 

(F-24) 

where Vf is the volume of the fuselage and 
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af is, in radians: 

(F-25) 

for CL in rad- 1 . 
a 

For bodies with rectangular cross-sections 

the vortex drag due to lift is at least 

twice as high as the result of (F-24). The 

effect of rounding off the corners is not 

known quantitatively, but is expected to 

be appreciable. 

F-2.5. Nacelle contribution 

The effect of nacelles on vortex drag is 

appreciable if they are located in the flow 

field of the wing. It does not make sense 

to estimate the vortex-induced drag asso

ciated with the lift on an isolated na

celle, as interference effects with the 

wing are dominating. 

F-2.6. Horizontal tailplane contribution 

For an isolated horizontal tailplane, the 

vortex-induced drag can be obtained in a 

similar manner as for the wing. To reduce 

this drag, the tailplane may also be 

twisted. Ignoring this effect and assuming 

a deviation from the elliptical drag we 

have: 

1.02 (F-26) 

where the tailplane lift is derived in 

Appendix E as: 

cmac + CL (xcg-xac)/c 

ShR.h/(Sc) 
(E-44) 

When dual fins are mounted as endplates on 

the horizontal stabilizer, the effective 

aspect ratio is approximately 50% higher 

than the geometric (see Fig. 2-26). A gap 

between the stabilizer and the elevator 

may reduce the effective aspect ratio by 

15 to 20%. 

It is noted that (F-26) gives only part of the trim 



drag; profile drag due to eleva tor deflection (Sec
tion F-3.6.) and interference with the wing (Sec
tion F-4.4.) alter the result appreciably. 
Data required to compute C1n are given in Appendix 
E. Alternatively, a simple approximation can be 
obtained by assuming the center of gravity to co
incide with the aerodynamic center of the aircraft 
less tail. Hence, 

F- 3. PROFILE DRAG OF SMOOTH, ISOLATED MAJOR 
COMPONENTS 

Skin friction and pressure drag due to the 
boundary layer and limited regions of se
paration are referred to as profile drag. 
The wing, fuselage, nacelles and empennage 
are considered to be smooth streamline bod
ies; corrections are made to allow for the 
interaction of the flow fields, protuber
ances and surface roughness, etc. There are 
two exceptions to this: 
a. Roughness is only taken into account 
insofar it affects boundary layer transi
tion. 

b. The wetted area does not include those 
parts of the wing and fuselage, etc. that 
are not actually exposed to the flow (cf. 
Section E-4.1.). 

F-3.1. The flat plate analogy 

Provided the pressure distribution in po
tential flow over the airplane part con
sidered is known, the boundary layer may 
be analyzed, at least theoretically. The 
pressure distribution must then be cor
rected for the effect of the boundary layer 
and a second iteration may be started. In 
practice, this leads to considerable dif
ficulties, but the reader who is in a posi
tion to avail himself of such methods may 
use them to advantage. 
In most pre-design applications, the air
plane shape is not yet fully defined and 
for this reason the "flat plate analogy" 

is frequently used. This method assumes 
that the actual shape of the major parts 
can be compared to smooth streamline bod
ies, and excrescences and surface irregu
larities are ~gnored by fairing over the 
body to achieve smooth contours. Provided 
that the component is well streamlined, a 
close relation is found between the body 
profile drag and that of a flat plate. As 
the skin friction drag of a flat plate 
(Fig. F-4)* can be computed very accurate
ly, this provides a good basis for estimat
ing the profile drag of the component con
sidered. 
The practical application of this flat 
plate analogy is as follows: 
1. The wetted area of an airfoil section, 
wing or body is computed (Appendix B) • Cor
rections are applied to account for the in
terconnection of the parts, e.g. the wing/ 
body junction (cf. Section F-4.1.). 
2. The skin friction coefficient CF is de
termined for a smooth flat plate (Fig. F-4) 
with the same-wetted area and projected 
length, the transition being located at the 
same position downstream from the leading 
edge or nose. The Reynolds number is based 
on the (chord) length. 
3. A shape correction factor ~ is deter
mined to account for the following factors: 
a. The boundary layer around a body or air
foil section develops in a different way 
from the flat plate flow. Boundary layer 
velocity profiles and local skin friction 
coefficients are therefore different. 
b. Due to the thickness of the body, the 
average velocLty just outside the boundary 
layer is higher than the free stream veloc
ity. Local values of the dynamic head and 
the skin friction per unit area are there
fore increased. 
c. Unlike a flat plate, a body has a fron
tal area and undergoes a noticeable pres
sure drag, particularly at high thickness/ 
chord or diameter/length ratios. This pres
sure drag is generally of the order of 5 to 

*The curves shown in this figure are valid 
for incompressible flow. At subsonic speeds 
the effect of compressibility is small. 
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Fig. F-4. Smooth flat plate skin friction coefficient (incompressible) 

10% of the skin friction'drag . 

4. The drag area of the body is finally 
computed as: 

(F-27) 

The validity of the flat plate analogy is subject 

to a number of restrictions : 

a. · Airfoil sections should have a thickness/chord 

ratio of not more than approximately 25\ and body 

diameter/lenqth ratios shoUld not be more than ·.25 

to .35. 

b. The parts should have smooth surface contours, 

free from kinks or steps . COnical or cylindrical 

body sections are acceptable, provided the transi

tions 'to the adjacent sections are qradual. 

c. Lift, or anqle of incidence, is zero or small. 

Bxperimental data (e.q. in Ref. P-44) are usually 

consul ted wherever these cond.i tions are not ful

filled and appropriate corrections are applied for 

liftinq airfoils. 
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Fig. F-5. Profile drag of an airfoil sec

tion in two-dimensional flow 



F-3.2. Wing sections 

Fig. F-5 depicts a typical experimentally 

determined drag polar of a wing section. 

The profile drag coefficient, related to 

the chord, is split for the purpose of drag 
estimation as follows: 

(F-28) 

For most sections the condition for minimum 

profile drag is the design lift coefficient 

c 1 ., while l> 1 cd 

lilt coefficient~ 
is the drag increment for 

different from c 1i. For 
most sections c 1 i is approximately equal to 
1/10 of the camber as a percentage of the 

chord. 

a. The minimum profile drag coefficient is: 

cd =2CF(l+<Pw) (F-29) 
Pmin 

The factor 2 is necessary because cd is 
based on the chord length and CF on ~he 
wetted area, both sides being exposed to 
the flow. The thickness correction factor 

'~'w• given in Fig. F-6, not only accounts 
for the aerodynamic effect of thickness, 

but also for the difference between the 

circumference and twice the projectedchord 

length. It is found that moderate section 
camber has only a very slight effect on the 

profile drag at c 1 i. If only the thickness/ 
chord ratio is known, the following approx

imation may be used: 

<Pw=2.7 t/c+lOO (t/c) 4 for t/c' .21 (F-30) 

b. Boundary layer transition is frequently 

assumed to occur at the leading edge, but 

for straight high aspect ratio wings the 

result is conservative, particularly at 

Reynolds numbers less than 10 7 • On the oth
er hand, wind tunnel measurements with free 

transition yield erroneous results due to 
scale effects and to the effects of the un

avoidable surface irregularities of practi

cal wing constructions. In particular, the 

low-drag "bucket" on laminar flow sections 

will seldom be realized in practice, except 

on carefully polished high performance sail

planes. Wind tunnel experiments are there
fore usually carried out with roughness 

strips at the position where the transition 
is likely to occur on the aircraft in flight 
For Reynolds numbers up to 10 7 a transi
tion region 15 to 20%* of the chord from 

*Mean value for the upper and lower surface. 

I: "Conventional,. airfoils (NACA 4- and 5- digit 

series): 

( I )!.3B 
'~'w = \~ '~'20 

II: Cusped trailing edge, max. thickness at 40\ 

chord {NACA 6-digit series) : 

( t/c)l.lO 
'~'w = • 20 '~'20 

III : NACA 6A- and similar series with straight 

trailing edge: 

t/c 
-:20 '~'2o 

NOTE: these curves have been derived by approximat

ing the various curves in R.Ae.S. Data Sheets 

"Wings" 02.04.02 and 02.04.03. 

Fig. F- 6. Shape factor for some airfoils 
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the leading edge will be representative of 
good average straight wing constructions. 
Near the wing/fuselage and wing/nacelle 

junctions and in the propeller slipscream, 
however, transition to turbulent flow is 

to be expected at about 5 to 10% of the 
·Chord. This is also generally the case with 
sweptback wings, where spanwise pressure 

gradients cause cross flows at the leading 
edge, provoking early transition. At 

Reynolds numbers above 3 x 107 the transi
tion can be assumed to occur at 5% of the 

chord for all section shapes. 

c. The lift correction to the profile drag 
can be related to the lift increment rela

tive to c.~,.: 
1 

(F-31) 

where(~i cd ) is representative of the 
P ref 

(extrapolated) profile drag increment at 
the stalling angle of attack (cf. Fig. F-5). 

The following expressions have beenderived 
from experimental data on NACA 4 and 5 dig
it sections: 

- .0046 (1 + 2.75 t/c) 

(F-32) 

- .0046 (1 + 2. 75 t/c) 

The Reynolds number in this expression 

should be based on a condition at high lift, 

for example at 70% to 80% of c.~,-max, as the 
flight speed is lower than the condition 
for which the minimum profile drag is com-

puted. The ratio ~i cd 1(~ 1 cd ) is 
P P ref 

plotted in Fig. F-7 as a mean line; most 

conventional sections are within + 10% from 
this line. The figure suggests that for 

ci - cii up to 85% of cimax - c 1i the fol
lowing straight line approximation is ac

ceptable: 

500 

1.0 

.8 

approximation 
.4 

.2 

.2 .4 1.0 

Fig. F-7. Generalized profile drag incre

ment with lift 

(F-33) 

This expression may also be used for lami
nar flow sections, where the region of low 
drag is not obtained for practical con

structions. If low drag can be achieved, 
experimental data with free transitionmust 
be used instead of the generalized method 
presented above; cf. Refs. F-44 through 

F-46 and F-48. 

F-3.3. Wings 

The drag coefficient is obtained from sec
tion characteristics. On the basis of strip 

theory, i.e. assuming that there is no 

spanwise interaction of the sections, we 

have: 

(F-34) 

where cd is determined by the local c 1 for 

each CL ~nd bf is the fuselage width at the 
wing root. In this way c0p is obtained as a 

function of CL. 
Provided the geometry of the wing is de-



fined and the sectional shape is known for 

a number of spanwise stations, the profile 

drag coefficient can be obtained from 

(F-29), corrected for the sweepback angle: 

cd = 2 CF (1 + 'l'w cos 2 A~) 
Pmin 

(F-35) 

The shape factor ljlw' based on the stream

wise section, is given by Fig. F-6 or 

(F-30). 

Any variation in operational conditions re

sults in variations of CL and the Reynolds 

number. As it is not customary to calculate 

a drag polar for each operational value of 

R, the minimum profile drag is determined 

for an average cruise condition. However, 

the profile drag increment for CL > C~i 

should be estimated for a representative 

value of R at the lower end of the opera

tional flight envelope (flaps up), for ex

ample, at a Reynolds number equal to half 

the value in cruising flight. 

The integral in (F-34) may be evaluated as follows: 

a. Assume a combination of R per unit length and 

CL, corresponding to the flight condition to be 

considered. 

b. Compute the spanwise lift distribution using any 

suitable method available, for example, Diederich's 

method (Section E-4.2. of Appendix E). 

c. Compute the local value of R, related to the 

chord, at a number of spanwise stations and calcu

late the minimum profile drag coefficient with 

(F-35). 

d. Estimate cR.-max from experimental data, or Sec

tion E-3.3. of Appendix E, for each spanwise sta

tion. 

e. Compute t:.Q. cd for each station using experimen·

tal data or (F-3~) and (F-33). 

f. For each station plot cd .c VPrsus y, draw aline 

through the calculated poinis and integrate numeri

cally according to (F-34). 

g. Repeat the process for several values of CL, to 

obtain c 0P = f(CL). 

For straight wings thiS procedure, based on strip 

theory, yields good results, but for sweptback wings 

the method is open to critic ism in view of the ef

fects of cross flows in the boundary layer. 

Instead of the method explained previously, 

a much simpler procedure will usually be 

acceptable: 

a. For a representative station midway be

tween the wing/fuselage junction and the 

wing tip, the local section properties are 
estimated: R, CQ.., 

1 

with (F-35) and ~£ 

c 1 , cd 
max Prnin 

(cd ) with 
P ref 

(F-32). 

b. The three-dimensional profile drag co-

efficient is derived from these data: 

(F-36) 

where eLi is assumed equal to c 1 i and CLmax 
can be estimated with Section E-4.2. of 

Appendix E. The net wing area, defined in 

Appendix A, Section A-3.1., is obtained 

from the gross wing area by subtracting the 

projected area of the wing section covered 

by the fuselage. 
Equation F-36 can readily be rewritten as 

an equation expressing c 0p in terms of a 

constant, a term proportional to CL and a 

term proportional to cL2 . Typical minimum 

profile drag coefficients range between 

.006 and .010. 

F-3.4. Fuselages and tail booms 

The aerodynamic ideal of a smooth stream

lined shape, as defined in Section F-3.1., 

is not approximated with certain low-speed 

aircraft, such as agricultural aircraft, 

light private aircraft and small trans

ports of simple construction. In those 

cases the designer must rely on experimen

tal and statistical data of similar shapes, 

as presented in Ref F-20, for example 

An impression of the drag coefficient of 

streamlined fuselages can be gained from 

Fig. F-8. As these data are valid for rath

er outdated fuselages, measured at low 
Reynolds number, a more detailed calcula

tion is usually made, using the flat plate 

analogy. The outer contour is considered 

to be a streamlined shape, assuming that 
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Fig. F-8. Effect of fineness ratio on fuse

lage and nacelle frontal drag coefficient 

(Ref. F-4) 

all excrescences such as wheel well fair

ings, canopy enclosures and airscoops, 

etc. have been removed or faired over. 

For streamlined fuselages with pointed tail 

sections with a length/diameter ratio of at 

least 2 and without a jet efflux, we may 

write: 

(F-37) 

a. Streamlined fuselages without blunt nose 

or tail sections, no jet efflux. 

The basic fuselage drag is the profile drag 

of an uncambered, smooth streamline body at 

zero angle of attack: 

(F-38) 

The wetted area is the gross wetted area, 

reduced by those areas of the fuselage that 

are not exposed to the flow (cf. Section 

F-4.1.). The value of CF is read off from 

Fig. F-4 for R based on the fuselage length. 
Transition is assumed to occur at or very 

near the nose. The shape factor ~f is main

ly a function of the effective fuselage 

slenderness ratio: 
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or 11hichever is less (F-39) 

where 

\_!A 
1T c (F-40) 

and the fuselage nose and t~il section 

lengths £Nand £A are defined in Fig. F-10. 

Fig. F-9 shows the shape factor ~f vs. the 

reciprocal value of the slenderness ratio, 
according to several prediction methods. 

Experiments are also shown, although sever
al points refer to fuselages with swept-up 

tail sections, having approximately 5% more 

drag than the axisymmetric fuselage. 

The following relation is suggested for fu

selages without a blunt nose and with an 

optimum pointed tail section: 

~f: __ 2_._2_ + ~ 
A 1.5 A 3 
eff eff 

~f 

.1 .2 

(F-41) 

BADIA GIN 

EICK 

HOERNER 
_,_ R.A:.S. DATA 

SHEETS 

0 EXPERIMENTS 
REF. F-24. 26 

Fig. F-9. Fuselage shape factor 



~------FORE BODY 

_--,----------~2~~~4 

!:L_ :BASE 

Fig. F-10. Nomenclature for determining the 
drag of <'nselages with short afterbody or a 
jet efflux 

b. Fuselages with blunt and/or short after
bodies, no jet efflux. 

Small areas normal to the flow at the rear 
end of the fuselage may be present, e.g. in 
the case of an APU installation or a blunt 
tail fairing. Provided the base area is 

less than approximately 10% of the fuselag, 
cross-sectional area and there is no jet 

efflux, it is sufficiently accurate to in
crease the basic fuselage drag area by an 
amount which can be written as: 

6 c0s = .13 x base projected area (F-42) 

No method is available to give an accurate 
prediction of the drag due to a large base 
area and/or a short afterbody, such as is 
used on some freighter aircraft (Figs. 
3-Jb, 3-4 and 3-21d). The following proce
dure will at least yield a qualitatively 
correct result for short afterbodies and 
boat tails, with or without jet efflux. 
1. Calculate the basic fuselage drag coef
ficient with the method given in Section a 
above, assuming the afterbody length/diam
eter ratio equal to 2, hence: 

or whichever is less (F-43) 

~N 
4 + -D--

feff 

2. Calculate the nase drag that would occur 
in the absence of an afterbody, i.e. with 
the fuselage truncated immediately behind 
the cylindrical section. Using Hoerner's 

data (Ref. F~58): 

(F-44) 

Alternatively, this coefficient may be 
assumed equal to .13. 

3. A pressure drag increment is added to 
the basic fuselage drag coefficient to ac
count for actual fuselage afterbody length 
and shape: 

The afterbody pressure drag increment is 
given in Fig. F-11 as a fraction of the 

reference base drag. 

.!ICoA 

(Cob~ef 
.6 

.4 

.2 D 

0 
0 .4 .8 

NOTE: iA and Df are defined in Fig. F-10 

Fig. F-11. Pressure drag increment vs. 
fineness ratio of short afterbodies without 
jet efflux (Refs.: F-18, F-65 and F-98) 

c. Fuselages with propulsive jets. 
The basic fuselage drag is subdivided into 
contributions of the forebody and the af
terbody boat tail drag: 

(F-46) 
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CYUNORICAL-c 

fOrltfiOOY ~ \ ~F~4 FLOW CONOIT!ONS 

• ......_ s .as . 
• ISOLATED. NON-PlUG NOZZLE 
• SMOOTHLY CONTOtJUO IOAT TAIL 

(e.g, CllCI.tAl AaO 

.04 .04 

.03 .03 

Co4 .02 'o.o.02 

.01 

.2 .. .6 .I 1.0 
dt/d,. 

.04 .04 .05 

.03 .04 

'o.o .02 Co.o.02 

.01 .01 

.2 .. .6 .8 1.0 .2 .4 .6 .8 1.0 

V'd, V'd,. 
.2 .4 .6 

V'd,. 

NOTE: The author :ouggests to analyze alternative boat tail shapes (e.g. parabolic) by taking an equivalent 

FR such that the boat tail angle p (Fig. F-10) is equal to 6 for the comparable circular arc. 

Fig. r'-12. Drag correlation for circular arc boat tails (Ref. F-98) 

The effective slenderness ratio for the 
forebody is defined as follows: 

2 iNHC _D __ _ 

feff 
"eff 

or 1whichever is less 

(F-47)1 

The forebody drag area (CDS) is calculated 
with (F-38), using the foreb&dy wetted area 
as the reference and taking the shape cor
rection factor equal to half the value for 

normal fuselages: 

(F-48) 

The boat tail drag coefficient CD is read 

off from Fig. F-12 for the approp~iate 
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Nozzle Pressure Ratio (NPR) which should be 

obtained from the engine type specification. 

Fig. F-12 does not apply to boat tails with 

a base ar.ea; the reader is referred to Ref. 

F-86 for this case. 

d. Correction for angle of attack and up

sweep effects. 

A generally accepted method is not availa

ble, out a reasonable approximation can be 

made on the basis of the cross flow concept 

(Ref. F-62). For an isolated fuselage in u

niform flow the drag on a fuselage element 
due to the cross flow (Fig. F-13) is: 

(F-49) 

The effective drag coefficient cdc is that 
of an infinitely long cylinder, with cross 



Fig. F-13. Derivation of fuselage cross 

flow drag 

section equal to the local fuselage cross 

section, perpendicular to an airflow. This 

coefficient must be determined for a 

Reynolds number, based on Vsin(af-S), and 

corrected for the finite length of the fu

selage. It can be obtained from Ref. F-18 

or F-57. For fuselages with a circular 

cross section cdc~ 1.0 and for a rectan

gular cross section with rounded corners 

cdc 1.5 to 2.0. 
Integrat1on of (F-49) yields: 

bdx 
cos8 

0 

(F-50) 

This integral can be computed numerically 

as a function of af. For the simplified 

case of an axisymmetrical forebody (Section 

I: 8=0) and a constant upsweep angle of the 

afterbody (Section II.) and assuming cdc=l.O: 

I sin3 (af-B) I 
/laB (CDS) =AI I sin3 af I +AIJ cos8 

(F-51) 

where AI and AII are the planform areas of 
sections I and II (Fig. F-13). By way of 

example, the result is plotted in Fig. 

F-14. In spite of the crude assumptions 

made, the result appears to be realistic 
when compared with tn~ experimental data 

reported in Ref. F-62. For af or B in ex
cess of 5° the extra drag is a significant 

fraction of the basic fuselage drag coeffi

cient. The minimum of the curves can be 

shown to occur at: 

a' 
f 

v~-1 
AI/AII 1 

(F-52) 

In order to fit the curves given by (F-50) 

or (F-51) into the usual concept of a par
abolic polar, they may be approximated by 

(F-53) 

where the constants D1 and D2 are 0btained 
by plotting llaB(CDS)f versus (af-af) 2 , and 
replacing the result by a straight line. 

In order to express /laB (CDS)f in terms of 

CL' it is noted that: 

CL-CL 
0 

----s.-a 

See Section E-9.4. of Appendix E. 

.25 

.20 

D I~~~J~R- S 

A1 / An ·1.85 

15 
<X.1- DEG. 

(F-25) 

Fig. F-14. Estimated fuselage profile drag 

increment due to angle of attack and rear 

fuselage upsweep 

F-3.5. Engine nacelles 

Although in preliminary design nacelledrag 

is frequently assumed to be independent of 

CL' interference effects with the wing, for 
example, can be quite appreciable (cf. Sec

tion F-4.3.). 
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a. Propeller aircraft. 
The calculation procedure is analogous to 
that for the fuselage basic drag, explained 
in Section F-3.4. The nacelle (spinner in

cluded) is considered to be a smooth 
streamline body, generally with low slen
derness ratio and fully turbulent boundary 
layer (Fig. F-15). The drag area per na-

Fig. F-15. Definition of the effective 
slenderness ratio of nacelles for propel

ler engines 

celle is: 

CDS = CF (1 + 2 • 2 + 2:..!!..._)s 
A 1 · 5 A 3 nwet 
neff neff 

(F-54) 

In order to define Aneff' a rationalcnoice 
of the nacelle length must be made . If the 
centerline of the nacelle is approximately 
lined up with the chord, as in Fig. F-15c, 
the presence of the wing will lead to a 
reduction in pressure drag. The effective 

nacelle slenderness ratio should be in

creased accordingly. Instead of, or in ad
dition to, using the method of (F-54), a 
rough figure can be obtained from Fig. F-8. 

506 

b. Jet engine nacelles. 
Fig. F-16 shows a typical nacelle arrange
ment for a high bypass engine installatio~ 
A separate fan cowl is generally not pre
sent for straight turbojets and low bypass 
ratio engines. 

The general terminology relating to the 
subdivision of a powered jet engine na
celle drag can be found in the literature, 

e.g. Ref. F-78. Engine thrust is assumed 
to be defined as "standard gross" and 

"standard net thrust", as in the ESDU Data 
Sheet 69006 . Internal friction losses of 
the inlet diffuser are not considered: 
these are accounted for in the (installed) 
engine thrust determination. 

The total drag per nacelle less interfer
ence is subdivided into drag contributions 
of the fan and gas generator cowlings, the 

plug in the primary flow and the pylon. 
Reference will be made ·to the geometric 
definitions of Fig . B-5 of Appendix B. 

The (fan) cowling drag area is written as 
the sum of a friction drag and an after
body pressure drag component: 

(F-55) 

where a denotes the cowling forebodylength 
divided by the cowling length. 
The flat plate skin friction coefficient 
CF (Fig. F-4) is determined for R based on 
the length of the cowl or nacelle and full

y turbulent flow. The (fan) cowling wetted 
area can be calculated with Section B-4 of 

, ...... 

Fig. F-16. Typical high bypass engine na
celle 



Appendix B. 
In (F-55) the terms in the brackets repre

sent the skin friction drag of the fore

body, corrected by means of ~n for excess 

velocities associated with the cowl cur

vature and angle of attack and the skin 
friction drag of the afterbody (boat tail). 

According to Ref. F-95 the following cor

relation applies to the NACA-1 Series of 

inlets: 

n h o -o ~ 
~n=.33 ~ 1+1.75 

(F-56) 

where 0 0 is the diameter of the capture 

area, i.e. the internal stream tube of the 

engine flow at large distance in front of 
the engine. It can be shown that: 

(F-57) 

The last term of (F-55) is the boat tail 
pressure drag area. The pressure drag co
efficient (C0 ) can be obtained from Fig. 

flp 
F-12 by subtracting the skin friction drag 
from the total boat tail drag, as indi
cated, or from Ref. F-86. 

The fan cowl drag is sensitive to the geo

metries of the cowling and the fan nozzle, 

and to the engine thrust setting. If (F-56) 

cannot be used because the cowl design is 
not yet completely defined, a typical fig

ure may be assumed for a well-designed me
dium to high bypass ratio turbofan cowl
ing, in cruising flight: 

(F-58) 

The expressions given for the engine cowl drag are 

valid only if the intake lip is well designed and 

operates at approximately the datum engine mass 

flow. In that case there is no appreciable loss in 

lip suction and the pre-entry drag is fully bal

anced by the suction forces on the front cowl. No 

additive drag is present in this condition. The 

validity of this assumption must be verified in 

later aerodynamic development. 

The gas generator cowling drag component is 

frequently quoted by the manufacturer in 
the engine brochure as it is usually con
sidered to constitute an effective thrust 

loss. In the absence of this information 

the following expression can be used: 

( Mf)ll/6( 1+.116 Moo 2)2/3 
C S=C - -----:;-

0 F Moo 1+.116 M 2 
f 

+ 

(F-59) 

The first term is the scrubbing drag, as

sociated with the high velocity jet to 

which the gas generator cowling is exposed 

(Ref. F-93). The skin friction drag coef

ficient for fully turbulent flow is re

lated to free stream conditions and the 

length of the gas generator cowling plus 

the fan nozzle length. The Mach number of 

the fully expanded fan flow Mf can be ob
tained from the engine manufacturer's bro
chure or (H-21) in Appendix H. The gas 

generator cowling wetted area can be com

puted with Section B-4 of Appendix B. The 

part of the pylon which is immersed in the 

fan exhaust flow must be included in this 

wetted area. 
The second term of (F-59) is the gas gen
erator boat tail pressure drag area. Gen

eralized data for calculating (c0 ) are 

not available, but Fig. F-17 is tgogght to 

be fairly representative. 

Scrubbing drag of the plug is usually con

sidered as a loss in engine gross thrust. 
If no data are quoted in the engine bro
chure its order of magnitude can be esti

mated as follows: 

( M )11/6(1+.116 M 2)2/3 
C S=C S _g ----00

-:;2 (F-60) ° F Pwet Moo 1+.116 M 
g 

The plug wetted area is given in Section 
B-4 of Appendix B, the fully expanded hot 

flow Mach number Mg being derived fromthe 
engine type specification or (H-20) of Ap

pendix H. The plug drag amounts to roughly 

5% of the total engine pod drag in cruis

ing flight. 
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Fig. F-17. Boat tail pressure drag coeffi
cient vs. radius of curvature (Ref. F-89) 

Pylon drag is similar to wing profile drag 
and is determined from: 

CDS=cFj1+2.75 (t/c)py cos 2 A js 
PY PYwet 

(F-61) 

The relative thickness of the pylon is de
fined in streamwise direction and the 
sweepback angle applies to the quarter
chord line of the pylon. 

F-3.6. Tailplane profile drag 

For the horizontal tailplane the profile 
drag can be subdivided into basic profile 
drag and profile drag due to lift associ
ated with incidence and elevator deflec
tion: 

(F-62) 

The basic or minimum profile drag is sim-
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ilar to the wing profile drag: 

(F-63) 

where CF can be read off from Fig. F-4. 
The reference length for R and t/c is the 
mean geometric tailplane chord, and it is 
usual to assume transition at the leading 
edge. To account for interference with the 
airplane, Sh may be assumed as the gross 
horizontal tailplane area, including parts 
covered by the fuselage or vertical tail
plane (cf. Section F-4.4.). 
Drag increment due to incidence and eleva
tor deflection is difficult to compute ac
curately. From the very scanty data avail
able it was concluded that this term is 
mainly dependent upon C~ irrespective of 
the tailplane angle of attack and the ele
vator deflection. This drag contribution 
can therefore be related to the vortex-in
duced drag of the tailplane by introducing 
an effective Oswald factor of the order of 
.75 cos 2 Ah for the horizontal tailplane. 
Hence: 

(F-64) 

Some comments on the calculation of CLh are 
given in Section F-2.6. 

Vertical tailplane drag is given by: 

(cDs)v=2 cF jl+2.75 (t/c)v cos 2 A~vlsv 
(F-63) 

where CF is read off from Fig. F-4. The 
mean geometric chord of the vertical tail
plane is the reference length for R and 
t/c. It is usual to assume transition at 
the leading edge. The gross vertical tail
plane area is used to account for inter
ference (cf. Section F-4.4.). Drag due to 
sideload on the vertical tailplane is not 
present in symmetrical flight. The case of 
engine failure will be treated in Appendix 
G, Section G-8.3. 



F-4. SUBCRITICAL INTERFERENCE EFFECTS AND 

CORRECTIONS 

For a well designed configuration the ef

fects of interference will be limited to a 

bare minimum. This can be obtained by suit

able filleting, fairings and wing/fuselage 

blending, etc. If insufficient care is 

taken in the aerodynamic design, however, 

interference effects will be considerable, 

especially at high angles cf attack and 

high-subsonic speeds. 

Most interference effects cannot be calcu

lated accurately in preliminary design, 

and the approximations presented here must 

be considered an ''minimum effects''. 

F-4.1. Wetted area corrections 

Viscous interference drag is sometimes ap

proximated by first calculating the drag 

of the isolated gross wing and fuselage, 

etc., and then simply adding these compo

nents. It is thus assumed that interfer

ence may be accounted for simply by ·ignor

ing the fact that the intersections of air

frame components are not actually exposed 

to the flow, which implies that all wetted 

areas mentioned in the previous section are 

gro~s areas. For example: the wing wetted 

area includes the center section and is 

therefore equal to twice the gross area. 

The only justification for such a proce

dure is its simplicity, which may be ac

ceptable for small contributions such as 

tailplane/fuselage interference, but for 

larger contributions, like wing;fuselage 

interference, an alternative method is de

sirable. For other components - e.g. na

celle/airframe interference - the isolated 

drag will simply be factored. 

A comprehensive survey of the physical as

pects of interference and many experimental 

data are given by Hoerner (Ref. F-18). 

F-4.2. Wing/fuselage interference 

a. Vortex-induced drag 

The lifting wing induces an upwash in front 

and a downwash aft of the wing/fuselage 

junction. Hence, the body nose will expe

rience lift increment and the afterbody a 

reduction in lift. In addition, the fuse

lage cross flow component at angle of at

tack leads to increased effective angles 

of attack near the wing/body junction. Com

bination of both effects will generally re

sult in an increment of the lift coeffi

cient for a given angle of attack and of 

the vortex-induced drag for a given lift. 

On the other hand, for a given lift of the 

complete configuration, the fuselage lift 

reduces the wing lift and consequentlyvor

tex-induced drag. It seems fair to assume 

that for a well designed configuration 

these effects are of the same order of mag

nitude. The only interference correction 

suggested here is the effect of the wing 

lift carry-over by the fuselage at zero fu

selage angle of attack. 

The results obtained by Lennertz (Ref. F-

100) for constant lift along the span and 

by Marx (Ref. F-101) for an elliptical lift 

distribution can be brought into reasona

ble agreement by the following expression 

for mid-wing configurations with circular 

fuselage cross-sections: 

(F-65) 

where nf = fuselage diameter/wing span. 

For nf up to .15 this result compares rea

sonably well with the method based on ex

perimental data given by Hoerner (Ref. F-

18, page 8-18). No attempt_is made to pre

sent corrections for the effect of low~ing 

or high-wing positions. 

b. Viscous interference 

Near the intersections of the wing and fu

selage contours there is a thickening of 

the boundary layers and an increase in the 

local flow velocity; both effects increase 

the profile drag. At small angles of a'~tack 

the result is approximately: 

(F-66) 

where cci is the total circumferential 
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length for both wing halves of the wing/ 

fuselage intersection line at which the 

boundary layers interact. For a mid-wing 

configuration Cci is approximately 4~ 

times the root chord. Equation F-66 is 

based on an interpretation of various re

sults in Ref. F-18. 

Due to lift effects, the pressure gradients 

and section forces increase at the upper 

side of the wing and decrease at the lower 

side. This may lead to premature separa

tion near the wing/fuselage junction, es

pecially with low-wing configurations, but 

this tendency may be suppressed by suita

ble filleting. However, the profile drag 

increment of the fuselage section above 

the wing due to increased velocities can

not be avoided, while on high-wing confi

gurations the fuselage drag is reduced at 

high lift. A simple correction based on a 

theoretical analysis of typical configura

tions is suggested here: 

t>i (cDs)P 

CFCLcrDf 

+ .88 

. 81 

low wing 
(F-67) 

high wing 

where CF is the local skin friction coef
ficient of the fuselage near the wing/body 

interconnection. No correction is required 

for mid-wing configurations. 

Finally, the cross flow effects on fuse

lage drag (cf. Section F-3.4.) are altered 

as a consequence of the circulation, in

ducing a change in the effective angle of 

attack along the fuselage. Equation F-50 
may therefore be modified into: 

(F-68) 

Note that in front of the wing the down

wash angle £ is negative (i.e. upwash) 

while at the wing/fuselage intersection 

there is no cross flow component due to 

the straightening effect of the wing. 

Equation F-60 may be solved if detailed 

data are available for calculating the 

flow field around the wing, but in view 

of the very approximate character of the 
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cross flow component the labor involved 

may not be justified. It is suggested that 

this form of interference should be taken 

into account by reducing the angle af in 

(F-52) by an amount equal to e cosA/A, 

while D2 in (F-53) remains unchanged. Rea

lizing that there is no induced upwash or 

downwash for CL = 0, we can derive: 

(F-69) 

where e is the rear fuselage upsweep an

gle. 

F-4.3. Nacelle/airframe interference 

a. Propeller aircraft. 

The interference effects due to nacelle 

installation are comparable to the wing/ 

fuselage interference effects, but they 

are more difficult to calculate. A thor

ough but outdated investigation can be 
found in Ref. F-71. The drag appears to 

be a function of the relative fore- and 

aft-position, the height and angle of in

clination of the nacelle centerline rela

tive to the wing chord, the shape of the 

rear end and the amount of filleting. 

The most important contribution at lowan

gles of attack is the vortex-induced drag 

caused by the local change in wing lift 

due to the nacelle. Typical figures (from 

Ref. F-18, page 8-18) are: 

low wing: tli CDS = .004 x 

nacelle frontal area per 

high wing: tli CDS = .008 x nacelle 

nacelle frontal area 

(F-70) 

Negligible drag is experienced if the na

:elle centerline coincides with the local 
chord. 

Drag due to interference from the boundary 

layers of the nacelle and the wing can be 

taken into account by ignoring the wetted 

area correction required according to Sec

tion F-4.1. and by adding the profile drag 

of the wing area that is not actually ex

posed to the flow (Ref. F-18, page 8-18). 



At high angles of attack the interference 

drag may increase considerably when vor

tices are formed at the nacelle/wing junc

tions,· especially when the nacelle is high 

on the wing. No method of analysis is a

vailable for this effect. 

b. Jet aircraft. 

Jet engine pods and the jet efflux inter

act with the flow around the airframe in a 

number of complex ways that are still the 

subject of investigation (ci. Section 

6.5.2.). For wing-mounted nacelles the de

termining factors are the nacelle fore

and aft position, the distance between the 

nacelle centerline and the wing chord and 

jet efflux effects. It is generally found 

that an interference drag penalty of ap

proximately 20% of the nacelle-plus-pylon 

drag must be accepted for low bypass en

gines with long ducts. High bypass engines 

with short fan ducts exhibit a favorable 

interference drag (Refs. F-109 and F-24) 

which is of the order of 5 to 10 counts in 

cruise conditions. For fuselage-mounted 

nacelles the shape of the pylon and the 

fuselage contour are important. The inter-

d "' tire diameter 

b • tire width 

ferer.ce drag penalty for straight or low 

bypass jet engines is of the order of 50% 

of the profile drag of the isolated na

celle plus pylon. No data for high bypass 

engine pods are available to the author. 

F-4.4. Tailplane/airframe interference 

a. Wing/tailplane interference, vortex-in

duced drag. 

The tailplane lift acts normal to the local 

airflow. Due to the downwash behind the 

wing a positive tail load (up-loa?l has ~ 

drag component. On the other ha~d, this 

tail load partly offsets the wing lift for 

a given total lift and hence the vortex

induced drag of the wing is reduced. It 

can readily be shown that these effects 

result in the following contribution, ig

noring a second order term: 

(F-71) 

where CLh is iefined by (E-44), see Sec

tion F-2.6. An estimate of d£/dCL can be 

made with the data in Section E-10.1. of 

Appendix E. It is noted that (F-71) may 

0 

R"' Vvd ,Reynolds number referred to tire 

Wheel type 

8.50-10, low-pressure tire 

27 inch streamline tire 

25 x 11-4 extra-low-11ressure tire 

30-5 disk wheel with 30-5 tire 

30-5 disk wheel with 32-6 tire 

diameter 

C=~ 
D 'l,.b d 

d 
inch 

25 5/16 

27 

24 1/2 

29 3/4 

31 1/2 

b (~t2) inch 

8 1/2 1.494 

9 1/4 1. )34 

11 1/4 1.914 

5 1.033 

6 1/4 1. 367 

Sideview equivalent to A 

CD= .12-.14 .22 . 19 

Data refer to a 8.50- 10 wheel, R .. 1.6 x 106 

~ 
WHEEL 

Rxi0-6 
CD 

1.60 . 250 

1. 70 • 176 

1.55 .226 

1. 87 .350 

1.98 • 310 

EFFECT 

OF 

STREAM

LINE 

FAIRING 
Fig. F-18. Drag of wheels 

with tires, with and with

out streamlined fairings 

(fenders) (Refs. F-110, 

F-111) 
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well represent a negative term, i.e. a 
drag reduction. 

F-5. PROTUBERANCES, SURFACE IMPERFECTIONS 
AND OTHER EXTRA'S 

b. Viscous interference (tailplane/tail

plane and tailplane/airframe). 

As the effect of filleting is usually not 

known and this drag is a small term anyhow 

- a few percent of the tailplane profile 

drag - it is justifiable to assume that no 

extra drag nee~ be accounted for, provided 

the gross area of the tailplanes is used 

in Section F-3.6. instead of their net 
wetted area. 

A large collection of detailed information 

such as that given in Hoerner's book (Ref. 
F-18) is required to analyze a particular 
design in detail, but in project design 

all required details are usually not yet 

known. What follows is therefore partly a 

statistical indication of the most rele

vant drag penalties that can be foreseen, 

provided close attention will be paid to 

detail design. 

CONFIGURATION 

wheel type S.S-10 ** 

REMARKS 

no streamline members, no fairings 1.28 

with junctions not £aired 

stream- junctions A and B £aired 

line junctions A, B and C £aired 

members with wheel fairing type C (Fig. F-17) 

27-inch streamline wheels 

fairing 
8.5-10 

.56 

.47 

.43 

.36 

.la 

.29 

.27 

.25 
wheel type B wheels 

~am--l_in_• __ ~ __ •_•_r __ ~f~a~i~r,~·ng~----~t~yp~e~C~-------L----------+----4 

\8 no 
fairing 

27-inch streamline wheels 

wheel fairing type A 8.5-10 

no fairing wheels 

wheel fairing type C 

.25 

.31 

.23 ......__ 

.S I 

.34 I ~l 
~ ~~====~~--~~~------~~--~~~~~~-------+-.~ 4-.r~~nT- (~~---"~l~------~c~i~rc~u~l=ar~s~t~ru=t~,_no~~f=•'=·r~i=n~g·~----__, .05 i ~ ~' c ~~ streamline corners not £aired (a) .26 

d ~\~ 1r.: :c f-"=t=r~u=t----+-----c=•:.:•:.::ne.:.r::c•:....::f.:.u:.:·r~•=d-----"<b:.:> ______ .17 

8.5-10 wheels 

, I f-d 2~··:b. 
0 / :· \ 

NOSE GEAR 

TAILWHEEL 

trouser cantilever (c) . 17 

fairing with sidestay (d) .38 

8.5-10 wheels not £aired 

with fairing c 

round strut with fork (a) 

£aired strut with fork (b) 

£aired strut, wheel £aired (c) 

trouser fairing (d) 

no fairing 

with rear fairing 

with forward fairing 

completely faired 

.53 

.34 

.64 

.42 

.IS 

.29 

.sa 

.49 

.41 

.27 

*for main undercar-

riages CD,r is re

ferred to the circum

scribed frontal area 

of two tires (2bD) , 

for nose- and tail

gears to that of a 

single tire (bD) 

**with other types 

the drag can be up 

to 15% above the va-

lues given 

Fig. F-19. Fixed undercarriage drag (Refs. F-18, F-111 and F-112) 
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F-5.1. Fixed undercarriages 

Fig. F-18a presents the drag coefficients 
of several types of isolated wheels. As 

shown by Fig. F-18b, drag can be appreci- ~ 
ably reduced by various types of stream
lined fairings. 
The drag coefficient of complete main un

dercarriages is usually related to the 
circumferential area of two wheels. Fig. 

F-19 indicates that the effect of fairings 

and streamlining is noticeable . Data are 
also given for nose gears and tail wheels, 
both with and without streamline caps. 
Tail skids have a drag area between .043 
and .12 sq.ft (.004 and . 011 m2) typically. 
All data on main undercarriages in Fig. 
F-19 refer to wing- or fuselage-mounted 

gears. The drag of nacelle-mounted canti~ 
lever fixed undercarriages is approximate

ly comparable to the data of the fifth 
configuration. The drag of a partly re
tracted landing gear can be found in Ref. 
F-111. 

F-5.2. Canopies and windshields 

a. Protruding cockpit enclosures. 
Systematic drag measurements on a variety 
of shapes have been reported in Ref. F-115. 
Some results are summarized in Figs. F-20 
and F-21. 
The followinq observations are made. 

I. A minimum value of c 011 = .04 can be achieved for 

a well-streamlined windshield without cylindrical 

mid-section, and approximately . 045 with cylindri

cal ~d-section, provided optimum nose and tail 

sections are used . 

2. Below a length/diameter ratio of 2., to 3 for the 

nose and tail sections, drag increases sharply. 

3. For a short conical nose section (t::: h) and a 

long tail section, drag can be appreciably de

creased by properly rounding the windshield/hood 

junction. 

4. Rounding the hood-tail section junction for a 

short tail (t = 2h) is not very effective. 

5. In order to obtain a low windshield drag it ap

pears imperative to have a radius at the wind

shield/hood junction of at least 20\ and a tail 

length of at least 3., times the windshield height . 

. 03L-------~--~--~~~~~~ 
I 2 3 4 56789 10 

t/h 

Fig. F-20. Effect of nose and tail length 
on the drag of windshields (derived from 
Ref . F-115) 

A similar conclusion is found in Ref. F-66 for hel-

!copter canopies . 

6. 'ftle drag coefficient may amount to approximately 

. 47 for the aerodynamically unfavorable shapes that 

are used on some agricultural aircraft . 

The data of Ref. F-115 have been used to 

derive the following expression: 
.5 

... . ...A::t::.. 
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Fig. F-21. Effect of radius at windshield/ 

hood and hood/tail junctions on windshield 
drag (derived from Ref. F-115) 
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j (C011 ) . + Clss C011 I xcanopy frontal area 

bas1c (F-72) 

where af is in radians, defined by (F-25), 

and ~f is given by (F-41). The drag penal

ty for steps and slots Clss c011 is typic~l

ly of the order of .01 to .02, though de

tail design will affect this figure consid

erably. 

b. Cockpit windshields for transport air

craft 

Provided the windshield is well faired in

to the fuselage nose and sharp corners are 

avoided, the drag coefficient can be lim

ited to .02, based on the frontal area of 

the window panels, or 2 to 3% of the fuse

lage drag. For a small unpressurized air

craft with large, flat window panels this 

co~fficient may be as large as .08; more 

details can be found in Ref. F-115. 

F-5.3. Wheel-well fairings* and blisters 

Two methods are suggested to calculate the 

drag of wheel-well fairings. 

Method A: use the data on cockpit canopies 

in Fig. F-20. 

Method B: reduce each fairing to a body of 

revolution with equivalent diameter based 

on a circle with area equal to the maximum 

cross-sectional area of the fairing. Com

pute c0 in a similar way as for fuselages. 

Assume the interference drag increment due 

to installation to be of the same order as 

the factor ~f relative to 1. As discussed 

in Ref. F-24 unfavorable interference with 

the wing and rear fuselage flow may show 

up, but this effect can largely be avoided 

by careful shaping. 

Small fairings or blisters are occasionally 

used to reduce the drag of protruding parts 

of undercarriages. Their drag coefficient 

amounts to approximately .045, based on the 

*Examples: Transall C-160, Lockheed C-130, 

C-141 and C-5A, Nord 262, Br~guet 941, Short 

Belfast and also the design in Fig. 1-4. 
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frontal area. For more details see Ref. 

F-18. 

F-5.4. External fuel tanks 

The basic profile drag of the isolated tank 

can be calculated in the same way as the 

fuselage drag. According to Fig. 3-2, a 

slenderness ratio of 4 to 5 results in min

imum drag for a given volume. The corre

sponding drag coefficient is .025, based 

on (volume) 213 . 

Interference effects with the airframe are 

usually accounted for by multiplying the 

basic profile drag by an installation fac

tor. Typical factors are: 

1.20 - mounted symmetrically to the wing 

tip 

1.30 -mounted fairly close to the wing, 

e.g. on a pylon 

1.50 mounted flush to the wing or fuse

lage. 
Wing tip tanks will also affect the induced 

drag of the wing. This can be taken into 

account by assuming a percentage increment 

cf the effective wing aspect ratio which is 

equal to half the percentage increment in 

span caused by the addition of the tanks 

(Ref. F-18, page 7-7). 

F-5.5. Streamlined struts 

According to Ref. F-18 (page 6-5) the pro

file drag coefficient based on the chord 

length is: 

cd .015 (1 + t/c) + (t/c) 2 
st 

(F-73) 

This equation is valid for subcritical 

Reynolds numbers i.e. R up to 7 x 10 4 for 

t/c ~ .4 and 3 x 10 4 f~r t/c ~ .3. At high 

Reynolds numbers the method used for wing 

sections (Section F-3.2.) can be employed. 

The usual t/c ratio is approximately .30. 

Ignoring interference, the strut drag area 

is: 

0st 
~ c x chord x total length 

qm dst 
(F-74) 

The interference drag with the aircraft can 



be limited to a typical penalty of 10% of 

the profile drag by proper filleting. 

F-5.6. Powerplant installation drag 

The forces exerted on the airframe, both 
externally and internally, by the airflow 

passing through a jet engine, are included 
in the definitions of thrust and nacelle 
drag and do not appedr under this heading. 

Other engine installation drag components 

may generally be classified as follows. 

a. External drag: the sum of all streamwise 

forces associated with the external flow a

round the installed powerplant, e.g. the 

cooling system intake scoops. 

b. Internal drag: the forces exerted by the 

internal flow on the surface which boands 

it, e.g. the drag due to pressure losses in 

the oil cooling systems. 

c. Slipstream effects for propeller air
craft: the increase in profile drag of 
aircraft parts in the slipstream and the 

increment of vortex-induced drag due to the 

change in lift distribution. 

d. Jet interference, of importance with 
wing-mounted engines (cf. Section F-4.3.b.). 

In the case of propeller engines the ef

fects of slipstream interference are di

rectly related to the engine operating con

dition. As the drag polar is usually de

fined in the power-off or low power condi

tion, this contribution can be considered 

as an effective reduction in propeller ef
ficiency (cf. Section 6.3.2.). 

a. Reciprocating engines. 
For air cooled engines the sources of in

stallation drag are engine cooling drag, 

air intake and exhaust external drag, oil 

cooler internal and external drag and en

gine air intake momentum drag. 
Cooling drag is given by: 

(F-73) 

For a given engine type the cooling air 

mass flow ~c is determined by the ambient 

temperature, the engine rating and the cyl

inder head temperature. The exit velocity 

is mainly determined by the pressure loss 

in the inlet and the cylinder baffles; the 

exhaust opening is normally designed to 

accommodate the desired airflow in cruising 

flight. These characteristics should be 

decided in cooperation with the engine man

ufacturer. 
Cooling drag can be considered as an equi

valent loss in shaft power: 

(F-74) 

This term can be dealt with as a separate 

contribution in performance calculations 

for each engine working condition and 

flight speed. If, on the other hand, it is 

desirable to include a first estimate in 
the drag polar for cruising flight, it may 

be assumed that: 

(F-75) 

-7 Cc=4.9xlO ; CDS in sq.ft, Pb in hp, 

T~ in R and V~ in ft/s 
-10 2 Cc=5.9x10 ;CDS in m , Pb in kgm/s, 

T~ in K and V~ in m/s 
The increase in wing lift due to slipstream 
entails an increase in vortex-induced drag, 

which is less than the vortex-induced drag 

increment of the wing for the same lift 

increment. From Ref. F-18 the following 

expression can be derived for the apparent 

increase in the wing aspect ratio to which 

this effect is equivalent: 

a A 
T 

where 

thrust per propeller 
V 2 D 2 

p ~ p 

(F-76) 

(F-77) 

and Ss is the total projected area of the 
wing part immersed in the propeller slip

streams. 

For steady cruising flight (F-76) can be 

modified to represent an effective incre

ment in engine power: 

(for T=D) (F-78) 
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The effect of the slipstream on profile 

drag is accounted for in the form of a re

duction in effective propeller efficiency 

(cf. Section 6.3.2.). 

Other installation drag increments are not 

amenable to analysis before the inlet, ex

haust and oil cooling systems have been 

designed in detail. In preliminary design 

it may be assumed that c0 s = .02 sq.ft 

(.0019 m2 ) per 100 takeoff bhp. 

b. Turboprop engines. 

The external drag of the engine air inlets 

is included in the nacelle drag - see Sec
tion F-3.5. - unless protruding intake 

scoops are used; in this case assume 

c0 s = .10 x the scoop frontal area at da

tum airflow. The oil cooler drag area is 
approximately . 20 x the cooler inlet scoop 
frontal area, or .0065 sq.ft (.0006 m2 J per 

100 takeoff eshp. This figure includes in

ternal drag. 

Occasionally, protruding exhaust pipes are 

used, with their axis at a large angle to 

the flow. A drag coefficient of .5 may be 

assumed on the basis of their projected 

frontal area. 

Engine air intake momentum drag is account

ed for in the calculation of the net thrust 

of the engine gas flow: 

(F-79) 

where ej is the mean deflection angle of 

the exhaust gases relative to the airflow. 

Note that even without deflection (8j = 0) Tnet 

need not be positive, and furthermore that for 

-1 mj voo 
e. > cos T 

J g 
(F-80) 

there can be no positive net thrust component. In 

both cases there is, in effect, a momentum drag. 

In the extreme case of 8 j = 90°: 

w. 
CDS =C. x _L 

J 0 voo 
(F-81) 

24; c 0s in sq.ft, Wj in lb/s, V00 in ft/s 

1.6; CDS in m2 , W. in kg/s, V in m/s J 00 

This contribution is. of the order of 15\ of the 

total airplane zero lift drag, which is generally 

unacceptable. 
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Slipstream effects are similar to those 

occurring with reciprocating engines. 

c. Turbojet engines. 

For a daisy-type ejector nozzle/noise sup

pressor, assume c0s = .025 x nozzle area. 

The drag of a thrust reverser on turbofan 

engines amounts to between 3 and 5% of the 

nacelle drag, although this figure depends 

on the type of installation. 

Cooling drag is caused by the ventilation/ 

cooling of the space between the hot en

gine sections and the surrounding struc

ture; it amounts to about 5% of the nacelle 

drag. 

The drag of air inlets for buried engines 
may be included in the fuselage or wing 

drag in the case of a fully integrated in

let, by properly accounting for the in

crease in wetted area. Scoop type inlets 
(cf. Fig. 2-21c) must be treated separate

ly. Their drag is not only dependent upon 

the shape of the scoop, but also on the 

inlet velocity ratio vi/V00 • The external 

drag coefficient is as low as c0 n = .06-.07 

for vi/V00 = 1, but for a typical cruising 

value of vi/V00 = .6 to .8, a figure of 

c0 = .10 may be obtained. Assume c0 n 

fo~ boundary layer diverters. 

.25 

F-5.7. Excrescences, surface imperfections 

and other extras 

A representative breakdown of this drag 

contribution for a subsonic jet transport 

is depicted in Fig. F-22. For this aircraft 
the profile drag penalties are summarized 

as follows: 

wing : 6% of the wing profile 

drag 

fuselage + empen-

nage 7% of the fuselage drag 

engine installa-

tion :15% of the nacelle drag 

systems : 3% of the zero-lift drag 
For project development a detailed assess
ment can be made of all contributions, 

using the data given in Ref. F-18, for ex

ample. A target can then be set to provide 

a guideline for deta;l design, aerodynamic 



Fig. F-22. Typical breakdown of excrescence 

drag at cruise (Ref. F-25) 

development and manufacturing tolerances. 

In this survey a statistical approach will 

be presented instead. 

a. Surface imperfections must be accepted 
in the manufacturing process: doublers, 

skin joints, steps, gaps, fasteners, rivets, 

screws, holes, doors, scratches, indenta

tions, waviness. If the size of these 

roughnesses is less than a critical size, 

the wing or body can be regarded as aero

dynamically smooth and there is no drag 

penalty. For a roughness immersed in a 

turbulent boundary layer, this condition 

is derived from Ref. F-128: 

merit 

39.5 
R.94 

(F-82) 

where k is the equivalent sand grain size 

of the roughness, ~ the body or chord 

length, and R is based on~. 

For transport aircraft the surface imper

fections appear to be equivalent to a sand 

grain size of .001 inch (25 microns) for 

average surfaces and about half this value 

for very carefully treated and smooth sur

faces. Using this figure, the profile drag 

increment for all individual major items 

can be computed from Fig. F-23. Light air

craft have a roughness drag of the order 

of 10-15 counts or more. 

Painted surfaces can be-treated in similar 

way, using Fig. F-23, provided the equiva

lent grain size is known. There is a con

siderable variation in this quantity (cf. 

Ref. F-129). 

b. Retracted high-lift systems and flight 

control surfaces. 

Surface imperfections such as steps, gaps 

and discontinuities are unavoidable with 

retracted flaps and slats, ailerons, ele

vators, rudder and spoilers. Exposed flap 

hinges, linkages and tracks are usually 

present. Some examples are presented in 

Fig. F-24. For slotted flaps the drag pen

alty may easily amount to 10-12 counts if 

no attempt is made to cover the gap prop

erly. The penalty may be reduced to 2-3 

counts, based on the projected area of the 

wing or tailplane with flaps or controls. 

For light aircraft the control surfaces 

entail an appreciable gap drag of the or

der of 25% of the tailplane profile drag. 

Leading-edge devices such as slats or 

plain leading-edge flaps not only provoke 

boundary layer transition - to be accounted 
for in the profile drag estimation - but 

also cause pressure drag at the various 

discontinuities and steps. The drag area 

is roughly .007 sq.ft per ft of total slat 

span in front view (.002 m: perm). 

c. Airframe installations contribute to 

the drag. These includ~ air conditioni~g 

system inlets and outlets and momentum 

drag, antennas, lights, fuselage skin 

waves and leaks due to pressurization, 

fuel system (dumping provisions), APU in
stallation, instrumentation, anti-icing 

devices (rubber boots) and windscreen wip

ers. This drag is of the order of 6 to 8% 

of the fuselage drag. 

d. Vortex generators, wing fences, fuselage 

strakes: the drag is obviously very much 

dependent upon the installation.* The or-

*strictly speaking, their drag will be 

negative, relative to the condition where 

these devices are not present, for flight 

conditions where they improve the flow. 
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D+.t.D 
D 

1.2 

D = profile drag of an aerodynamically smooth surface 

~D drag increment due t.o surface roughness 

2. characteristic length, wing chord or body length 

k equivalent sand grain size 

R Reynolds number 

R 

More complete information for higher Reynolds number, taking into account compressibility effects, can be 

found in ESDU Data Sheet Item No. 73016, dtd. July 1973 

Fig. F-23. Wing or body drag due to surface roughness (Ref. F-128) 

der of magnitude is typically a few counts 

(e.g. Ref. F-134). 

e. Miscellaneous sources of lift-dependent 

drag. 

For a number of components and drag items 

such as engine nacelle drag and vari-

ous interference effects, only the drag in 

cruising conditions has been considered. In 

addition, the major sources of profile drag 

increment with lift have been given for a 

smooth surface, whereas it is recognized 

that the profile drag of a rough body will 

increase more rapidly with incidence. Pub-

lished methods for estimating this contri

bution are not available and the author 

therefore suggests that 20% of the profile 

1.5 1.7 

4.5 ;Jib~ .··••·. .18C 
8.5-10 

2.0-3.6 2.6 

~ 
..... ,> •• 
:',?:· •. .tc 

3C 

2.0 1.8 

c 0 referred to projected area of wing or tailplane 

with flaps or controls 

drag increment should be assumed for CL~CL0 , Fig. F-24. Drag due to gaps caused by re-

or approximately: tracted flaps and control surfaces (Ref.F-8) 
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.0015 

cos 2A 
(F-83) 

It is, of course, obvious that this assump-

tion is open to criticism. The best method 
is to derive the required value from the 
difference between the actual andestimated 
drag polars of existing aircraft. 
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Appendix G. Prediction of lift and drag in the low-speed 
configuration 

SUMMARY 

A collection of generalized data and methods for estimating the lift curve and drag po
lar in the configuration for low-speed flight is presented. Passive* trailing-edge and 
leading-edge high-lift devices are considered. Glauert's linear theory for thin airfoils 
with deflected flaps forms the basis for most prediction methods; correction factors are 
given for taking nonlinearity and flow separation into account. 
Prediction methods are also added for estimating the drag due to extension of a retract
able undercarriage, the effects of ground proximity on lift and drag, and the increase 
in drag associated with the failure of an outboard engine. 

*no action is taken to augment the external flow by means of blowing or suction. 
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NOMENCLATURE 

Symbols with a ' (prime) refer to quanti
ties defined based on the extended chord 

or to the lift-curve slope with flaps de
flected. 

A - aspect ratio (no index: wing as-

pect ratio) 

~ - area of a nozzle 
a.c. - aerodynamic center 

- number of blades per propeller 
- span; width 

c - chord 

c - mean aerodynamic chord (MAC) 

- mean geometric chord (cg=S/b) 

- two- and three-dimensional drag 
coefficient, respectively 

C00 - zero-lift drag coefficient 

cd ,c0 - two- and three-dimensional pro
P p 

file drag coefficient, respec

tively 

c 0 - vortex-induced drag coefficient 
v 

Cotrim - trim drag coefficient 
c1 ,cL - two- and three-dimensional lift 

coefficient, respectively 

Ct0 •CL0 - lift coefficient at zero wing 
angle of attack 

Ct0 ,CL0 - two- and three-dimensional lift
curve slopes, for constant of 

F(ol 

h 
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- act/aof for constant a 

- lift coefficient out of ground 

effect 
two- and three-dimensional pitch
ing moment coefficient, respec

tively 
- side force coeffic1ent of verti

cal tailplane (CYv=Yv/qvSv) 
- engine inlet diameter 
- propeller diameter 

Oswald factor (no index: wing 
Oswald factor) 

- function for determining the pro
file drag increment due to split 

flaps 

- function defining lift effect on 
undercarriage drag 

- height of aerodynamic center a

bove ground plane 

- effective height of MAC above 

ground plane 

Kas'Ka - factors for determining drag due 
to asymmetric flight condition 

u.c. 

v,w 

6y 

z 

- flap-span factor on lift 

- flap-chord factor on lift 
- flap/fuselage lift interference 

factor 
- correction factor for profile 

drag due to flap 

- flap-chord factor for split flap 
- profile drag factor due to flap 

- factor characterizing profile 
drag increment with lift 

- factor allowing for nonlinearity 

in lift curve 

- flap angle correction factor for 
split flap 

- moment arm of horizontal and 
vertical tailplane, respectively 

(see Figs. E-13 and 9-21) 

- length of undercarriage 

- Mach number 
- engine air mass flow (wind-

milling engine) 
- dynamic head (q = ~pv2 ) 
- Reynolds number based on chord 
- area (no index: gross wing area) 
- thrust 
- net thrust loss of inoperative 

engine plus windmilling and pro
peller drag 

- absolute profile thickness 

- flight velocity 

average velocity of engine noz
zle flow 

- undercarriage 
- induced drag factors 

- Maximum Takeoff Weight 
- longitudinal coordinate (origin: 

MAC leading edge) 
sideforce on vertical tailplane 

- lateral coordinate 

- yawing moment arm of inoperative 
engine 

- leading edge sharpness parameter 
- vortex-induced drag factor for 

fuselage lift carry-over effect 

- distance from flap hinge to chord 

- angle of attack 

- induced angle due to trailing 
vortices 



B 

£ 

'\1 
e 

p 

0 

theoretica~ flap lift factor 

(cx 0 =c~/c~cx) 
- span factor for g:ound effect 
- deflection angle of flap or slat, 

normal to hinge line 

- increment or decrement (example: 

6f = increment due to flap) 
- downwash angle 

flap lift effectiveness 

- angle characterizing relative 

flap or slat chord 

- sweep angle of quarter-chord line 
(no index: wing sweep angle) 

- sweep angle of mid-chord line 
(no index: wing sweep angle) 

- sweep angle of horizontal and 
vertical tailplane quarter-chord 
lines, respectively 

- taper ratio (no index: wing 

taper ratio) 

factor determining the wing 
pitching moment 
density of ambient air 

- ground effect function; side
wash angle 

Subscripts 

A 

a.c. 

as 

crit 

e 

- auxiliary flap section 
- aerodynamic center 

- asymmetric flight condition 
- critical (stalling) condition 
- engine 

G-1. INTRODUC.TTON 

The low-speed performance of aircraft, es
pecially for transport aircraft, has re
ceived considerable added emphasis during 

recent years. It is therefore essential in 
the preliminary design stage to be able to 
predict the aerodynamic characteristics 
(lift and drag, trimmed condition) which 
can be used with a certain amount of con

fidence to compute low-speed performance 
and handling qualities and to provide a 
realistic goal for further aerodynamic de
velopment. 

The present compilation of methods and da-

ewrn 

F 

f 

ff 

ft 
h 

i 

LE 

mg 

N 

n 

ng 
0 

p 

prop 

r 

ref 

rt 

s 

TE 

uc 
v 

w 

wf,ws 

% 
~ 

.2;60 

- engine windmilling 

- forward flap section 
- flap 
- flap/fuselage interference 

- front tire(s) 
- horizontal tailplane 

- inboard end of flap 
- leading edge 

- main gear 

- nozzle 

- nacelle 

- nose gear 
- outboard end of flap 
- profile 

- propeller 

- rudder 
- reference configuration 

-rear tires (bogie u.c.) 

leading-edge high-lift device 
(slat) 

trailing edge 

- undercarriage 

vertical tailplane; vortex
induced 

- wing 

- part of the wing with flaps or 
slats 

- undisturbed flow; out of ground 
effect 

- quarter-chord (line) 

- mid-chord (line) 

- split flap with cf/c 

.sf = 60° 

.20 at 

ta will enable the designer to make a good 
estimate of the lift curve and the drag 

polar for configurations with leading- and 

trailing-edge high-lift devices deflected. 
Split flaps, plain flaps, and single 

slotted, double slotted, triple slotted and 
Fowler flaps are the most commonly used 
trailing-edge devices to be dealt with, and 

in addition some data are also given on 
plain leading-edge flaps, slats andKrueger 

flaps. A method for estimating the pitch
ing moment change due to flap deflection is 
presented for the purpose of calculating 

the tailplane load required to trim the 
aircraft. 
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The two-dimensional (sectional) lift in

crement at small angle of attack due to 
tFailing-edge flap deflection will be cal

culated on the basis of Glauert's theory 
for thin airfoils with plain flaps, de
flected over small angles. Efficiency fac
tors representing the rati.o of experimen
tal to theoretical lift increment aregiven 
for the various types of flaps to be con
sidered. The prediction method for the max

imum section lift coefficient is based on 
McRae's approach (Ref. G-23), which proved 

useful for all common types of flaps ex
cept split flaps. The conversion from two

dimensional to three-dimensional lift co
efficients is based on classical methods, 
supplemented by approximate corrections 
for the presence of the fuselage. 

The prediction method presented for the 
profile drag increment due to flap deflec
tion again uses the lift increment accord
ing to Glauert's theory, assuming that, 
owing to viscous effects, a certain per
centage of the lift inc·rement will act 
perpendicular to the flap chord. Correc
tions for vortex-induced drag and trim drag 
are based on classical theory. 
Reliable methods for determining the ef
fect of leading-edge devices on lift and 

drag are not available in the open liter
ature. A first-order approximation is 

therefore presented which is based on the 
observation that for airfoil and wings 
with slats deflected the stalling angle of 
attack is the most characteristic parame

ter. 
A separate paragraph is devoted to the ef
fects of undercarriage extension, ground 
proximity, and engine failure on lift and 

drag. Although these items are of vital 
importance to the prediction of transport 

aircraft performance, in particular take
off (climb) and landing (climb) perform
ance, little useful information is avail
able in the literature and the methods 
proposed must be considered only as first
order approximations. 
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G-2. EFFECT OF TRAILING-EDGE FLAP DEFLEC

TION ON AIRFOIL SECTION LIFT 

G-2.1. General aspects 

The traditional approach to the calcula
tion of wing lift is based on the assump
tion that the lift generated by a two
dimensional wing (airfoil section) can be 

considered as a starting point. A suitable 
conversion to the three-dimensional wing 

is made by means of semi-emP,irical ~rec
tions for part span, fuselage effects, etc. 
This procedure is acceptable when spanwise 
flows and in~erference effects are or of 
minor importance or completely absent. It 
is therefore frequently used in the pre
liminary design stage of aircraft catego

ries that are in present use in civil avi
ation, in the realization that during the 
configuration development an adequate aer
odynamic development program will be ini
tiated in order to optimize the wing and 
flap system. 

Theoretical methods of calculating the aer
odynamic characteristics of flapped sec
tions have recently come to a stage of de

velopment where lift and pitching moment 

can be predicted with reasonable accuracy. 
A survey of the state of the art is given 
in Ref. G-31. Particularly for the most 

effective flap systems (multiple element 
flaps, slats), the flow is very sensitivP. 
to the details of the configuration: the 

flap and slat shape, their relative posi
t~on, shroud shape, etc. This would require 
an optimization program which is a complex 

subject in itself. Instead of this, wewill 

present generalized semi-empirical methods 
based on thin airfoil theory and experi
mental data. Where possible, an indication 
will be given of the sensitivity of flap 
performance to design details (average 
"good" design, best design, poor design). 
The basic effect of trailing-edge flap de
flection on the lift· curve of an airfoil 



Fig. G-1. Effect of trailing-edge flap de

flection on section lift 

section is depicted in Fig. G-1. It will 

be assumed that for conventional wing 

shapes the lift curves are linear for mod

erate angles of attack. It can be observed 

that even if the lift curve of the basic 
section is fairly nonlinear due to tr~il

ing edge stall, the flapped section exhib
its a more linear behaviour when the flow 
near the trailing edge is cleaned up by 
the flap. 

The determination of the lift curve will 

be subdivided into prediction of the in

crement in lift at zero angle of attack 

(~fct0 l, the (increment in) maximum lift 
coefficient and the lift-curve slope at 

small angles of attack, c 1a' 

G-2.2. Lift increment at zero angle of at
tack 

For small flap deflections the rate of 

change of lift with flap deflection at con

stant angle of attack is frequently used as 

a measure of flap effectiveness: 

(G-1) 

Another convention used is the rate of 

change of zero-lift angle of attack with 

flap deflection: 

(G-2) 

The basis for several estimation methods 

is formed by Glauert's linearized theory 

for thin airfoils with flaps (Ref. G-57). 

A result obtained from this theory for the 

lift due to flap deflection is as follows: 

a6 = 1 -
ef - sin8f 

1! 
(G-3) 

where 

ef = cos -1 ( cf 2-c - 1) (G-4) 

Fig. G-2 gives a plot of a 6 as a function 
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Fig. G-2. Theoretical flap lift factor 
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of the relative flap chord. The theoreti

cal ~fc~ is thus: 
0 

(G-5) 

It is found that the theoretical lift ef

fectiveness cannot be realized in practice. 

For small flap deflections approximately 

70 to 85% of the theoretical value is pos

sible, depending upon the type of flap 

system, while for large flap angles, e.g. 

those used in the landing configuration, 

the lift effectiveness may go down to ap

proximately 50 percent of the theoretical 

value given by (G-5). The following rea

sons may be quoted: 

1. For large flap deflections linear the

ory is in error when compared with the ex

act theory ~iven by Ref. G-66, for example. 

For a flap chord ratio of 35 percent (a 0 = 

.707) and a flap angle of 60°, the line

arized theory gives ~fc~0 = 4.44, whereas 

the exact theory predicts ~fci0 4.0. 

2. The viscosity of the flow is responsi

ble for separation at large flap angles. 

For plain flaps separation starts to occur 

at 10 to 15 degrees of flap deflection; 

for slotted flaps this value may vary from 

20 to 35 degrees, depending upon the de

sign details. 

The departure from the theoretical value 

will be taken into account by means of a 

flap effectiveness factor no: 

(G-6) 

The numerical value of cia for the basic 

airfoil may be obtained from experimental 

data availanle to the designer, or from 

the generalized method in Section E-3.2. 

Diagrams for estimating n0 are presented 

in Figs. G-3 through G-6, on which the 

following comments can be made. 

SPLIT FLAPS (Fig. G-3) 

The effectiveness factor does not exceed 

70 percent, even at small deflections, due 
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to the wake formed between the airfoil and 

the flap. The decay of n0 with flap angle 

is fairly gradual. The airfoil thickness/ 

chord ratio is a parameter of secondary 

importance. 

PLAIN FLAPS (Fig. G-4) 

Flap effectiveness is sensitive to the con

dition of the boundary layer at the knuckle 

and therefore the flap chord ratio has been 

used as a correlation parameter. The effect 

of sealing the gap appears to be consider

able and although for control surfaces an 

unsealed gap may be acceptable, this should 

be avoided with plain flaps used for 

increasing the lift. 

SINGLE SLOTTED FLAPS (fig. G-5) 

For efficiently designed slotted flaps the 

lift increment due to flap deflection is 

not affected by the boundary layer of the 

basic airfoil, since a new boundary layer 

forms over the flap surface. The lift ef

fectiveness, however, is very sensitive to 

the flap and slot geometry. Most of the 

early systematic measurements by NACA were 

made on flaps with optimum slot shape for 

each deflection, although for reasons of 

structural simplicity a single slotted 

flap is frequently supported by means of 

a fixed hinge. In this latter case per

formance is sensitive to the hinge loca

tion. Generally speaking, the lower the 

hinge, the better the lift effectiveness 

will be, provided a good shroud and gap 

shape are present. 

Slotted flaps require a rearward flap mo

tion in order to ensure a good slot. The 

airfoil chord is thus extended effectively 

and this in itself contributes to the lift. 

This can be taken into account by referring 

the section lift to the extended chord, as 

defined in Fig. G-7, and then converting 

the result to the original chord as fol

lows: 

c, = (c,
0

• + ~ c •) c' 
N N f ~Q C (G-7) 

where c~0 ' and ~fci0 ' are based on the ex

tended chord c'. Assuming that for the 

basic section ci
0 

is not altered after 

chord extension (ci0 ' = ci 0 ), we have: 



Fig. G-3. Lift-effectiveness factor for split flaps (derived from experimental data in 
Ref. G-34 and the USAF Datcorn, Table 6 . 1.1.1.-24) 

Fig. G-4. Lift effectiveness factor for plain flaps (derived from experimental data in 
the USAF Datcorn, Table 6.1.1.1.-A and Ref. G-64) 
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Fig. G-5. Lift effectiveness of single 
slotted (Fowler) flaps (derived from exper
imental data in Refs. G-33, G-35, G-37 and 
G-19) 

1.0r---.....--=-,---r----r---.-----r--..-----, 

'1& 
.9 

.7 

.5 .. - --+--

(G-8) 

where ~fc.t0 ' is defined by (G-6), noting 
that ao is also based on the extended chord 
(cf/c'). Replacing the basic section lift 
gradient by 2n rad-1 , we have: 
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Fig. G-6. Flap effective

ness factor for double 
and triple slotted flaps 
(derived from experimen

tal data in Refs. G-3, 

G-19, G-29, G-39, G-44 

and G-48) 

~fc • = 2~ n. a,' of .t0 u u 
(G-9) 

where of is in radians and ao' can be ob
tained from (G-3) and (G-4) or from Fig. 
G-2. 

For a given flap geometry and type of sup
port, the amount of chord extension can be 
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I : Fixed hinge - a : zh/cf = .2 

b: zh/cf = . 4 

II : Typical optimum flap position 

a : single slotted 

b : double slotted, fixed vane 

III: Double slotted, variable geometry, with flap 

extension 

IV : Fowler - ·a : single slotted, double 

slotted with fixed vane 

b : double and triple slotted, 

with flap extension 

Fig. G-7. The extended chord - its defini
tion and some typical values for practical 
configurations 

calculated; in the absence of information 
of this type Fig. G-7 may be used. In the 
case of a fixed hinge position the chord 
extension is given by: 

£. 
c (G-10) 

FOWLER FLAPS (Fig . G-5) 
Aerodynamically, the Fowler flap acts in a 
similar manner to a single slotted flap 
and the same basic method can be used for 
both. The effect of chord extension is 
much larger (Fig. G-7), however, although 
this is partly offset by a reduction in 
cf/c' and a lower value of a6 •. For flap 
angles up to 30 - 35 degrees the flap ef-

fectiveness is found to be superior to 
that for single slotted flaps. 
DOUBLE SLOTTED TRAILING-EDGE FLAPS 
The single slotted flap loses its lift ef
fectiveness when the deflection angle ex
ceeds about 40 degrees. The double slotted 
flap may be considered as a single slotted 
flap with a turning vane in the slot to 
recover the flow turning effectiveness . 
Consequently, the important parameters for 
the 2-slot flap are more complicated than 
for the 1-slot flap and so is the predic
tion of its lift effectiveness . Two main 
categories will be distinguished here. 
a . The flap with fixed vane. The predic
tion method for ~fc~ 0 is similar to that 
for the single slotted flap, except that 
the factor n6 is plotted in Fig. G-6. 
Typical curves are given for a good, aver
age design with fixed hinge, together with 
a poor design and an indication of what 
can be expected when the flap support mech
anism is such that an optimum gap is real
ized for each deflection. The maximum use
ful deflection is about 50 to 55 degrees. 
b . The double slotted flap with variable 
geometry. The forward flap is deflected to 
a maximum angle of 30 degrees, typically, 
and the aft section up to 30 or 40 degrees 
relative to the forward flap. There may 
also be a backward movement of the auxil
iary flap . The total lift increment of this 
configuration may be calculated as follows: 

(G-11) 

where 6 1 c~0 is the increment in c10 due 
to the combined flap at a deflection equal 
to that of the forward flap section, as
suming that the flap chords of the aft .~nd 

forward flap coincide and no second slot 
is present. This contribution can be cal
culated with the method given above for 
single slotted flaps (Fig. G-5). 
62c 10 is the increment in c10 due to de
flection of the auxiliary flap relative to 
the forward section. Again the method for 
single slotted flaps is used, except that 
a reduced lift effectiveness factor n6 
must be substituted in (G-9), given in 
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Fig. G-6, because the presence of the for

ward flap reduces the effectiveness of the 

auxiliary flap. 

The factor a 0 ' in {G-9) must be related to 

the ratio of the flap chord to the extend

ed chord, which is defined in Fig. G-7 and 

obtained as follows: 

a. The auxiliary flap is rotated from its 

deflected position about point A, until 

the two flap chords coincide. 

b. Both flap sections are then rotated from 

the deflected position of the forward flap 

about point B until they coincide with the 

wing chord. 

c. The distance from the leading edge of 

the airfoil to the trailing edge thus ob

tained is the extended airfoil chord c'. 

Using the typical figures given in Fig. 

G-7, the extended chord is calculated as 

follows: 

c' 
c 

{G-12) 

It should be noted that larger values of 

~c/cf than those given in Fig. G-7 are 

feasible, although at the expense of more 

structural complications and weight. 

TRIPLE SLOTTED TRAILING EDGE FLAPS 

Insufficient data have been published on 

triple slotted flaps to form the basis of 

a generalized prediction method. The data 

given in Ref. G-29 have been transformed 

into a single point for n0 in Fig. G-6. An 

equivalent flap deflection angle of' was 

defined to characterize the combined ef

fect of the complex flap system, while the 

factor a 0 ' was determined on the basis of 

the equivalent flap chord ratio =f'/c' to 

derive a 0 ' from {G-3) and {G-4). In spite 

of this simplified approach the point is 

in fair agreement with the statement in 

Ref. G-29 that 81 percent of the potential 

flow value can be obtained at a total flap 

angle of 60 degrees. The suggested curve 

for no is therefore assumed at 81 percent 

of the potential flow value {exact theory 

of Ref. G-66) up to 50 degrees of flap 

angle. 
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G-2.3. Maximum lift coefficient 

Viscous effects dominate the flow at max

imum lift and the prediction of ~fc£max 

{Fig. G-1) due to high-lift devices at the 

trailing edge is generally based on an em

pirical approach. Tw~ conditions for the 

stalling will have to be distinguished*. 

a. For airfoil sections with sharp noses 

the stall is determined by the flow con

ditions near the nose'. In this case an ap

proximate level of maximum lift can be ob

tained from thin airfoil theory. According 

to this theory the increment in loading at 

the leading edge of an airfoil due to flap 

deflection is equal to half the total in

crement due to flap deflection, for small 

flap chord ratios. For airfoils whose max

imum lift is controlled by leading edge 

stall, the maximum lift increment due to 

flap deflection can be shown {Ref. G-16) 

to be equal to: 

7[ -
{G-13) 

wnere ef is defined by {G-4). The theoret

ical ratio of ~fcimax/~fc£0 varies between 

.4 and .5 for practical flap chord ratios. 

Combination of {G-13) with {G-3) and {G-5) 

yields a simple expression for the theo

retical ~fc£max of sectidhs with sharp 

leading edges. Assuming c£" = 27T, we find: 

{G-14) 

b. When the basic section displays a sep

aration associated with the pressure gra

dient at the rear part of the airfoil, this 

trailing edge stall will be delayed by the 

local suction produced by deflection of an 

effective trailing-edge flap. In this case 

the gain in maximum lift will be of the 

same magnitude as the lift increment at 

small angles of attack or may even be 

*A more complete explanation of this sub

ject is given in Ref. G-23. 



I r, y constant ~ 

slightly higher. 

Conclusions that can be drawn from the above are 

illustrated in Fig. G-B. In Fig. Ba the sharpness 

of the airfoil nose is characterized by the lead

ing-edge sharpness parameter !'J.y (see Appendix A, 

Fig. A-2), which has proved to be a useful corre

lation parameter for predicting the maximtun lift 

associated with stall at the leading edge. For !J.y 

up to 1. 2 - 1. 5 percent chord, the maximum lift 

associated with leading edge stall (long bubble) 

is roughly constant. For larger !J.y values ctmax 

increases approximately proportionally with !J.y 

(short bubble) up to a point where trailing edge 

stall begins to dominate. Thus for relatively thin 

airfoils, deflection of a trailing-edge flap re

sults in a maximum lift increment which is pre

dicted theoretically by (G-13), while thicker air

foils with a trailing edge stall on the basic air

foil have a maximum lift increment of the order of 

50 to 100 percent of the lift increment at small 

angles of attack*. 

Consider now an airfoil with a trailirlg-~tall 

when the flap is retracted (Fig. G-Sb). Small flap 

deflections clean up the flow near the trailing 

edge, resulting in a maximum lift increment which 

is of the same order of magnitude as the lift in

crement at small angles of attack. At a certain 

flap angle the load induced at the airfoil nose 

will increase up to a-point at which leading edge 

stall will occur first, as dictated by the criter

ion in Fig. G-8a. The slope of the c~max vs. llfcR,
0 

curve will be approximately . 5 : 1 for this region 

*Ref. G-16 suggests an average of ~ c 
2 f R.max 
3 ~fci0 

Fig. G-8. Effect of leading 

edge sharpness and flap de

flection on maximum lift 

of flap angles. 

The above observations form the basis of 

the following simple, unified prediction 

method for the maximum lift of flapped 

airfoils. 

a. Plain and slotted (Fowler) trailing

edge flaps. 

The lowest value of the following items 
determines the maximum lift coefficient: 

CR, '=.533 
max 

for ~y/c (in %) ~ 1.5, or: 

(CR. ) + 
max of=o 

(G-15a) 

(G-15b) 

where Rc is the Reynolds number based on 

the original chord length, and the maximum 

lift coefficient based on this chord is 

given by: 

(G-16) 

Equation G-15 has been derived from exper

imental data in the literature quoted in 

the references. The method gives accept

able results not only for plain and single 

slotted flaps, but also for multiple-ele

ment flaps with or without Fowler motion. 

b. Split flaps. 

Airfoil sections with split flaps cannot 

be dealt with by the previous method, prob-
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Fig. G-9. Charts for estimating the i ncrement in maximum lift due to s p lit flaps. Fo r 

6y: see Fig. A-1 of Appendix A . (de rived from Ref . G-34) 

a bly bec a use t he re is alway s a wake a t the 

trai ling e dge when t h e flap is def l ected , 

a nd leading edge a nd tra il ing e dge stall 

will occur simultaneously. For split flaps 

the curve of Fig . G-Sb has, typically , a 

mean slope of . 75 : 1 and is slightly 

curved. A differ ent preuiction me thod has 

therefore been devis e d, consis t ing of t h e 

fo llowing s teps: 

1. Ca l c u late 6 fc~0 vs . 6 f with t he metho d 

g i ven i n Secti o n G- 2.2 . for spl it fl aps 

(Fig. G-3). 

2. Calc ulate 6 fc~ f or a flap c hord ratio 
0 0 

c f/c ; . 20 a nd a flap angle f ; 6 0 . This 

i s d e noted by (6 fc~ ) 
Q . 2;69 

3 . Determine c~ t o r c f c ; . 2 and 6f 

60° , as follows~ax 

(6c~max).2; 60; (c~max)ref- (c~max)o f;o+ 

+.51c~o+(6fc~o). 2 ;601 (G-17) 

whe r e ~~ ) is obtained f r o m Fi g . 
\ max ref 

G- 9a . 

4. Cor rect for flap chord ratio a nd f l a p 

a ngle as follows: 
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6 c~ 
ma x 

(G- 18) 

k c a nd k 0 are correcti on f a ctors fo r the 

flap chord ratio and flap a ngle given in 

Figs. G-9b and G-9c, respectively. The 

values f o r 6 fc~0 to be used here have been 

calc ulate d in step 1. 

G- 2 .4. Li f t -curve s l ope 

The lift gradien t is affec t ed by fl ap de

flection in a number of ways: 

1. The c hord extension increases c~a· This 

can be allowed for by the multiplication 

f actor c' /c. 

2 . The potential f low e ffe c t of flap de 

f l ection o n t h e lif t - c urve slope g iven by 

t h e e xac t t heo ry in Ref . G-66 i ndicates 

that 6 fc~ is reduced with i ncreasing a . 

Hence c ,~. ' (based on the extended chord) 

decrease~ not only with the flap deflec

t ion a n gle, but a lso wi t h the angle of at

tack, a nd t he r esult i s a nonlineari ty i n 

t h e lif t c urve which is part i c ular l y p ro

nounced f o r l arge flap angl es. 

3. Th e effect o f v iscosity on the lift ef-



fectiveness of a flap increases with the 

angle of attack, thus reducing /lfcR. with 

increasing a. 

Fig. G-10 shows that for small flap angles 

Fig. G-10. Variation of section lift-curve 

slope with flap angle 

the effect of the chord extension dominates, 

but that this effect is cancelled at large 

flap angles by the other effects. The re

duction in lift-curve slope is more pro

nounced at angles of attack approaching the 

stall. 

No method for calculating the lift-curve 

slope is available in the literature. The 

relationship presented here, 

CR. 
. (flaps down) 

a =~ ( 1- cf sin2of) CR. (flaps up) c c' 
a 

(for a = 0 to 50) (G-19) 

approximates the results of the exact the
ory fairly accurately and is in qualita

tive agreement with experimental data. In 

,fndi vidual cases the reduction of cia with 

of may be considerably more than that in

dicated by (G-19) , particularly when the 

shape of the slot is not optimized, and 

when the stalling condition occurs atsmall 

angles of attack. 

G-3. LIFT OF AIRCRAFT WITH DEFLECTED TRAIL

ING-EDGE FLAPS 

The p~ediction of aircraft lift is basedon 

a build-up of various contributing compo

nents: the aircraft in the clean configu

ration (see Appendix E), trailing-edge 

flaps, the horizontal tailplane and cor
rections for the presence of the fuselage, 

powerplant installation, etc. The contri

bution of leading-edge devices will be 

dealt with separately in Section G-5. The 

lift curve may thus be expressed in the 

form of a lift increment relative to the 

en route configuration: 

(G-20) 

The direct contribution of the trailing

edge flap llfCL is dealt with in Section 

G-3.1., the various corrections I 6CL are 

discussed briefly in Section G-3.2., and 

the tailplane contribution /lhCL is finally 

given in Section G-3.3. 

G-3.1. Wing lift 

In much the same way as was done for air

foil sections, the wing lift curve will be 

computed from the following characteris

tics: 

the lift increment at zero angle 

of attack; 

the increment in maximum lift co

efficient; 

the lift-curve slope with flaps 

deflected. 

A result similar to Fig. G-1 is found, ex

cept that cR. is replaced by CL. 

The reader's attention is drawn to the 

fact that the maximum lift defined in this 

appendix refers to the top of the lift 

curve. As explained in Section 5.4.4., this 

figure cannot be used directly to deter

mine the stalling speed (see also Ref. 

G-32). 

a. Increment in lift for a = 0°. 
Lifting surface theory can be employed to 

determine 6fCL0 for moderate flap deflec

tions. The method of Ref. G-64 relies on 

a knowledge of the section flap effective

ness and is summarized as follows: 

(G-21) 

/lfcR- 0 is the section lift increment for 
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Fig. G-11. Variation of flap chord factor 
with aspect ratio (Ref. G-64) 

a = 0 due to flap deflection for a repre

sentative section, e.g. halfway along the 
semi-flap span . Experimental results should 

preferably be used, but when these are not 

available, the method of Section G-2.2. or 
any other suitable method may be used (e.g. 

Ref. G-19 or Ref. G-65). CLa and c~a are 
the lift-curve slopes of the basic wing 
(see Section E-4.1.) and the basic airfoil 

(see Section E-3.2.), respectively, while 

(a 0lcL is the three-dimensional flap ef
fectiveness parameter: 
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(G-22) 

and (a 0 lc~ is the two-dimensional flap ef
fectiveness parameter: 

life~ 

c~ o~ = no "o 
(l 

(G-23) 

The ratio (< cx 0 l c /(cx 0 lc Jean be obtained 
L R. 

from Fig. G-11 as a function of (cx 0 lcR. and 
the wing aspect ratio . 

Kb is a flap span effectiveness factor, 
defined as follows: 

llfCL (partial span) 
K = o 

b llfCL (full span) 
0 

(G-24) 

The curve of Kb versus flap span and taper 

ratio, as derived from empirical data, is 
plotted in Fig. G-12 . For flaps other than 
inboard the value of Kb is obtained by 
superposition of the flaps, as shown sche
matically in Fig. G-13 for the case of a 

flap interrupted by the fuselage. 
In the case of inboa~d flaps which are augmented by 

ailerons acting as flaps ("flaperons"}, the follow-

:i:liflfl 

1.0 

Fig. G-12. Variation of span 
factor Kb with flap span for 

inboard flaps (Ref. G-64) 



Fig. G-13. Flap span factor for flaps oth
er than inboard flaps and definition of 

swf 

ing procedure is p roposed : 

1. Esti mate the .6. 1 c10 due t o deflection o f the 

aile ron f or a r epresentat i ve l ocal s e ctio n. 

2. Compute 6 1 CL
0

, assuming that i\ c.2,
0 

acts ful l

span of the combined inboard flaps and the de 

flected ailerons . 

3. Es timat e the t.2cR.
0 

due to i nboard flap deflec
t i on f o r a re p re s entat ive inboard s ectio n . 

4. Compute t.2cL0 due to t.2c£
0 

- t.1 c£0 over t he in
boar d flap span with (G-21). 

5. Add t.1cL0 and t.2cL
0 

t o obtain t.fCL0 • 

b. Maximum lift increment. 
The maximum lift i ncrement of a represent
ative section is used for predicting 
t.fCLmax ' Sec tion data should preferably be 
derived from e xperimenta l data; if these 
are not available , the me thod explai ned in 
Section G-2.3. may be used. 
The two-dimensional data for efficient 
slotted flap configurations* are converted 
into a thr ee-dimensional lift increment as 

*For plain flaps the eff e ct of sweepback 
is much mor e pr onounced, e . g . proportional 
to cos 3A (Ref. G- 22). 

follows: 

(G-25) 

Swf/ S is the ratio of the wing area af
fected by the trailing-edge flaps to the 
total wing area. For straight-tapered 
wings we have: 

The nomenclature is defined in Figs. G-13 
and G-14. For moderately tapered wings the 
numerical value of Swf/ S is approximately 
equal to the factor Kb defined previously. 
The factor .92 in (G-25) takes into ac
count the loss of lift near the flap tips , 
as i llustrated by Fi g. G-14, where the 
shaded area represent s the i ncrement in 
maximum lift in the hypothetical case that 
all sections of the flapped part of the 
wing stall simultaneously. 

c. Lift-curve slope. 
The lift-curve slope is corrected for the 
effect s referred to i n Se ction G-2.4. a-
bove, as follows: 

CL 0 (flaps down) t. fCL 
a ; 1 + ___ o x 

CL (flaps up) t.fcR. 
a 0 

l cc' ( cf 
1 - cr sin2 6f) 11 (G-27) 

where t. fCL0 / t. f c R. 0 is the rat i o of the 
three-dimensional to two-dimensional lift 
increments at a; 0, given by (G-21). 

Fig. G-14 . Lift d i stribution of a wing
f use lage combination with def lected flaps. 
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G-3.2. Various contributions 

The corrections on the lift curve ( l:!!.CL) 
to be discussed will simply be expressed 

in the form of hCL values, as the absence 
of reliable methods precludes systematic 

treatment of these effects on !!.1CL0 , !!.1CLmax 
and CLa' cannot be presented in view. We 

shall therefore assume that the complete 

lift curve will be shifted up or down by 

the stated value of 6CL. 

a. Wing/fuselage interference. 

Some interference effects between the 
flows around the wing and the fuselage 

have been discussed in Section E-6 of Ap
pendix E. Similar, but more complicated, 

flow phenomena will be observed on wing/ 

flap/fuselage combinations. Analytical 

treatment of this effect being ruled out, 

the designer must rely on rules of thumb 

in the preliminary design stage. 
The most conservative approach is to com
pletely ignore the lift carry-over by the 
fuselage. Though this may be justified for 

large flap deflections, when there is a 
large gap between the fuselage and the 

flaps, the carry-over effe·ct cannot be ig

nored altogether in all cases. Potential 

flow theory indicates that the lift carry

over by the fuselage is between one-half 

and two-thirds of the lift generated by 

the wing center section in the absence of 

the fuselage, assuming the flaps to be ex
tended to the centerline. The experiments 

reported by Hoerner (Ref. G-10, page 8-18) 
indicate that in the case of wings with
out flaps only one-third remains in prac

tice. we may therefore conclude that 

where the choice of the lift interference 

factor Kff will be at the discretion of 
the designer, with 0 and 2/3 as the lower 

and upper limits and 1/3 as a good aver

age. 

b. Flap cutouts. 

Flap cutouts are sometimes required to 
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prevent the engine exhaust impinging on 

the flaps. Provided the cutout is not to~ 

wide, it is fair to assume that the loss 

in lift relative to the uninterrupted flap 

is about 50 percent of the relative loss 

in effective flapped wing area: 

(G-31) 

6Swf is the total area of the wing affect

ed by the flap cutouts. 

c. Other corrections to the lift of the 
aircraft less tail. 

Several other factors may affect the wing 
maximum lift, for example: 

- the flow around obstructions such as 

flap tracks and supports, 

- unfavorable interference effects due to 

engine nacelles or engine intake scoops, 

- losses incurred by devices needed to 
provide acceptable handling and control 

at the stall, and 

-the effect of aeroelastic deformationon 
the lift, particularly on large aircraft 
(Ref. G-32). 

Each of these may affect CLmax by as much 
as .1 to .2, but prediction of their mag

nitude is generally impossible in thepre

liminary design stage. 

G-3.3. Contribution of the horizontal 

tailplane 

The horizontal tail load required to trim 
out the nose-down pitching moment due to 

flap deflection reduces the lift. This 
contribution can be derived from semi

empirical data on pitching moment varia
tions due to flap deflection. A relatively 
simple approach is thought to be accepta

ble for the purpose of determining the 

trim load. 

a. Section pitching moment. 
When experimental- data are not available, 

the generalized expression quoted in Ref. 

G-5 may form a useful starting point: 
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function ~ 1 
0 .1 .2 .3 ... 

c1 /c' 

( cc') 2 _ ci c'(c' \ T c c - 1; + 

(G-32) 

The extended chord c' (cf. Fig. G-7) al

lows for the effect of the backward move

ment of the flap while it is being ex

tended. 

The first contribution in (G-32) is due 

to the increased section camber. The fac

tor ~ 1 is defined as follows: 

(G-33) 

According to Glauert's linear theory for 

small flap deflections, we have 

~ = ~ (1 - cf) 
1 c lf -

(G-34) 

where Sf is defined by (G-4). Fig. G-15 

shows that the theoretical value of ~ 1 
generally underpredicts the pitching moment 

coefficient. It has been found that for 

slotted flaps, with or without Fowlermove

ment, most data are on a single line, pro

vided the second term in (G-32), repre

senting the theoretical rearward shift of 

the airfoil aerodynamic center, is halved. 

In the case of split and plain flaps the 

flap angle is observed to exert a pro

nounced influence on ~ 1 . The last term of 

(G-32), being generally of a low order, 

can be ignored and the following practical 

equation is proposed: 

(G-35) 

where ~ 1 can be obtained from Fig. G-15. 

b. Wing pitching moment. 

References G-5 and G-60 convert the two

dimensional effect into a three-dimen

sional pitching moment change approximate

ly in the following manner: 

where ~fcm\ can be obtained from (G-35) by 

substituting: 

(G-37) 

The correction factor ~ 2 (Fig. G-16) takes 

into account the part-span eff~ct on a 

straight wing, while ~ 3 is a function de

termining the effect of wing sweep (Fig. 

G-17). 

c. Pitching moment, aircraft less tail. 

Most measurements of flapped wing sections 

have been related to the .25-chord point 

or to the a.c. of the basic wing section. 

For this reason we take the aerodynamic 

pitching ·moment about the mean quarter 

chord point as: 
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(G-38) 

The pitching moment coefficient with flaps 

retracted can be obtained from (E-35) of 

Appendix E: 

X 

(cL-llfCL) (.25- :c) (G-39) 
c 

where the aerodynamic center refers to the 

aircraft less tail with flaps retracted 

(See Appendix E, Section E-7). The term 

llfCm\ in (G-38) can be calculated as a 

function of CL using (G-36) and (G-37) • 

The term L ~So~-, is a formal statement for various 

other effects: 

1. The effect of lift carry-over by the fuselage, 
relative to the theoretical scheme in which the 

flaps extend to the plane of symmetry. 

2. The effect of flap deflection on fuselage fore

body and afterbody contributions to the pitching 

moment. 

3. Other effects, e.g. contributions of flap cut

outs, nacelle interference, etc. 

The first effect may be estimated by using (E-40) 
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Fig. G-16. Correction factor for 

part-span effect on pitching mo

ment (derived from Ref. G-5) 

of Appendix E, replacing CL0 by cL0 + 6fCL0 . The 

second contribution may be approximated by ignoring 

FLAP SPAN /WING SPAN 

Fig. G-17. The function ~ 3 for determining 

the pitchingmoment increment of flaps on 

sweptback wings. (Ref. G-5). 



altogether the lift carry-over by the fuselage. 

In view of absence of data a verification for this 

approach cannot be given ~ It should be noted that 

the first two effects mentioned are of opposite 

sign. 

d. Tailplane lift. 

The tail load change required to trim the 

aircraft after flap deflection is, ignor

ing l:t.Cm\ in (G- 38), approximately: 

llhcL = t.cL sh = ~~~ c (cg - x;) +II c f9.:c 
h S f L c f m1 h 

(G-40) 

where llfCL and llfCm; can be computed oy 
means of the methods presented previously. 

G-4 . PREDICTION OF THE LOW-SPEED DRAG PO

LAR 

The drag of the aircraft with flaps down 
(undercarriage retracted) can be obtained 

from the drag polar in the clean configu

ration as follows: 

where llfCDp• llfCDv' and lltrimCD are the 
increments in profile, vortex-induced, and 
trim drag coefficients . In (G-41) the bas

ic polar is written as a simple parabolic 

approximation, but other relationships may 

be used as well. Its derivation is dis

cussed in Appendix F . Although, in princi

ple, all drag contributions discussed in 

that appendix are slightly altered when 

the flaps are deflected and the operation

al conditions are changed, we shall dis

cuss only the most pertinent corrections 
required . 

As illustrated by Fig. G-18, the approach 
adopted here is artificial in the sense 

that, for the large values of CL to be a

chieved with deflected flaps, the basic 
drag coefficient of the aircraft (flaps 

up) is assumed to be extrapolated beyond 

Fig . G-18. Drag polars with trailing-edge 

flaps retracted and extended 

maximum lift values. 

G-4.1. Profile drag 

a. Drag of airfoil sections. 

Fig. G-19a shows ~n example of drag polars 
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Fig. G-19. Section drag polars of NACA 

23012 airfoil with a single slotted flap 

(Ref. G-33) 

for several deflection angles of an air
foil section with a single slotted flap. 

These polars have been converted in Fig. 
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G-19b by plo~ting c~ vs.{c1 - (ct0 +\Afc10)} 2 

and by doing so we have obtained approxi
mately linear relationships for flapangles 

~p to 40°. A further advantage of this pre

sentation is that the slopes are independ
ent of the flap angle. The drag polar may 

thus be derived from that of the basic 

section by shifting it u~ards and to the 

right. Assuming the drag polar of the bas

ic profile to be given by: 

(G-42) 

we obtain the polar with deflected flap: 

cd = cd +llfcd +cd k1,c1- (c1 +\ '\C 1o) J 2 
P P0 P0 P0 o 

(G-43) 

Consequently, the drag increment due to 

flap deflection is: 

Afcd =Afcd -cd kt '\C 1 jet- (c1 +\: Afct Jj 
P P0 P0 o o o 

(G-44) 

where Afcd is the increment in the min-
Po 

imum profile drag coefficient. In (G-44) 
this increment will be defined for: 

c1 = 1 + l.i (c1 + AfcR. ) 
0 0 

a condition which is representative of 

flight at approximately 70 percent ofCLmax 

It may be noted that most handbook methods 

are based on Ref. G-5, where the profile 

drag increment is defined for a constant 

value of a= a10 + 6°. 

For practical applications the various 

terms in (G-44) may be obtained from ex

perimental data. When these are not avail

able, k1 can be assumed equal to 1.0. The 

profile drag increment may be expressed as 

a fraction of the theoretical drag obtained, 

assuming that Afc1 acts normal to the flap 
chord: 

A fed 
Po 

(G-45) 

Taking AfcR. in accordance with Glauert's 
linear thin airfoil theory and allowing 

for chord extension, a generalized result 
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is: 

a ' 6 

(G-46) 

The factor a6 • is based on the ratio cf/c', 
as explained in Section G-2.2. The factor 

kd is plotted in Fig. G-20 for various flap 

NOte: the shaded area indicates a typical varia

tion due to shroud and slot geometry differences 

for sinqle slotted flaps. 

Fig. G-20. The factor kd for determining 

the increment in profile drag caused by 

flap deflection 

configurations. This figure shows that for 

plain flaps the drag increment is of the 

order of 20 to 25 percent of the "theoret

ical" value; for single and double slotted 

flaps these figures are 10 to 15 and 8 to 
10 percent, respectively. The relatively 

high value of kd for slotted flaps atsmall 
deflection angles is caused by unfavorable 

slot flow and is affected to a large ex

tent by the shape of the shroud. 

Split flaps do not lend themselves to this 

approach. The following relationship has 



been derived from systematic measurements 
in Ref. G-34: 

cf 
.55 c I cf/c 12/9 

--=-""'3'"'/"'"2 F ( 6 ) 
(t/c) 

(G-47) 

where F(6) is given in Fig. G-21. Alterna-

Fig. G-21. Profile drag function k6 for 
split flaps (derived from Ref. G-34) 

tively , the generalized and more detailed 
method in Re f. G-71 may be used. 

b. Wing profile drag increment. 
The profile drag increment of the wing due 
to flap deflection is obtained from: 

where 6fcd is the two-dimensional drag 
Po 

increment, given by (G-46) or (G-47), and 
K2_ 3 is a corr ection factor allowing for 
wing/fuselage interference, sweep eff ects, 
suspension effects, etc. A figure of K2_3= 

1.15 is proposed, based on the case re
ported in Ref. G-24 . 

G-4.2. Vortex- i nduced drag 

The change in vortex-induced drag is caused 
by a changP i n t he spanwi se l i ft distri bu
tion (see Fig. G-14). The f o llowing expr es
sion is a synthesis of several existing 

methods in the literature (Refs. G-5, G-60 
and G- 65): 

6fCD = (w+z) (6fcR.) 2 + v CL 6fcR. 
v 

(G-49) 

The term w(6fcR.) 2 represents the induced 
drag increment due to flaps extending to 
the wing centerline, for a wing with el
liptic loading when the flaps are retract
ed. The variation of w with wing geometry 
is shown in Fig. G-22b. The last term is 
a correction for the nonellipticity of the 
spanwise lift distribution of the basic 
wing. The variation of v with wing geome• 
try is shown in Fig. G-22a . 
It will be noted that for certain taper ratios the 

v and w factors are of opposite sicm and their oon

tributions counteract each other~ In fact, for 

nontapered wings the elliptic loading may be ap

proached when the flaps are deflected and the in

duced draq increment may be small or even neqati ve. 

The term z(6fcR.)2 in (G-49) takes into ac
count the effect of the flap cutout and 
lift carry-over by the fuselage (c.f. Sec
tion G-3.2.) . The simple drag incre-
ment given by Hoerner on , page 8-18 of Ref. 
G-10 is found to be in fair agreement with 
other data (Refs. G-5 and G-60) and can be 
converted into: 

bf 
(for If' . 2 ) (G-50) 

where bfi is defined in Fig. G-13 and the 
choice of Kff was discussed in Section 
G-3.2. An average value Kff = 1/3 appears 
to be acceptable, provided the flap edge 
is as close to the fuselage as possible. 

G- 4. 3 . Trim drag 

On condition that the airplane vortex-in
duced drag is calculated by assuming that 
all lift is provided by the aircraft less 
tail, the trim drag can be taken into ac
count as follows, ignoring a second-order 
term: 

(G-51) 
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a. Factor v 

The first contribution to trim drag is the 

basic vortex-induced drag due to tailplane 

lift, based on free-stream conditions. The 

second contribution is the component of 

the tailplane lift in the direction of the 

free-stream as a consequence of the local 

downwash . The last term corrects the vor

tex-induced drag of the wing to account 

for the tailplane lift. 

The tailplane lift coefficient is defined 

by the condition that the aircraft will be 

trimmed, while the downwash angle is given 

by : 

(G-52) 

The estimation of the partial derivatives 

in this equation is usually very difficult 

in the preliminary design stage and for 

this reason we will neglect the net effect 

of the second and third contribution in 
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0 . 2 .4 .6 

flap span /wing span 

b. Factor w 

Fig. G-22. Factors of induced drag of a 

wing with flaps (Ref . G-60) 

(G-51)*. The only term remaining can be 

evolved with (G-40) into an approximate 

trim drag coefficient (based on S) rela

tive to the basic polar: 

(G-53) 

where 6fCm~ is defined by (G-36) and Cmac 

refers to the aircraft less tail with 

flaps up (Appendix E, Section E-7.2.). The 

Oswald factor eh is approximated by: 

eh = 1 - • 25 
cos 2 Ah 

(G-54) 

and takes into account the profile drag in

crement due to elevator deflection.** The 

*Note that for an elliptic lift distri

bution £ h at infinity behind the wing is 

equal to 2CL/nA and the two contributions 

cancel each other out. 

**ct. Appendix F, Section F-3.6. 



simplified calculation procedurepresented 

here may in some cases lead to considera

ble errors. A more detailed prediction is 

required as soon as more accurate data be

come available, particularly with respect 

to the downwash at the tail. 

G-5. LEADING-EDGE HIGH-LIFT DEVICES 

Leading-edge flaps and slats* level off the 

high peak suction pressures near the air

foil nose, thereby delaying leading edge 

separation to a higher angle of attack 

(Fig. G-23). Since leading-edge flaps do 

~cnt 
I 

Fig. G-23. The lift curve with andwithout 

slats 

not significantly alter the trailing edge 

flow about an unflapped section, they are 

most effective on thin airfoil sections. 

Airfoils with a deflected, high-efficiency 

trailing-edge flap will frequently exhibit 

a leading edge stall, even on relatively 

thick sections. Leading-edge slats or flaps 

suppress this stall, thereby increasing the 

stalling angle of attack and hence maximum 

lift. However, a slat wake may cause unde

sirable interference with the flow around 

trailing-edge flaps and the increment in 

c~max due to the slat with trailing-edge 

*The terminology is explained in Section 

7.6.3. 

flaps deflected is typically some 15 per

cent lower than the c~max increment of the 

unflapped airfoil. 

Reliable generalized methods for predict

ing the effect of leading-edge devices are 

not known to the author, with the excep

tion of the (maximum) lift increment due 

to plain leading-edge flaps (Ref. G-19). 

The following data, indicating an orderof 

magnitude of the effect of leading-edge 

devices on lift and drag, are the author's 
provisional conclusions from the very 

scanty literature on the subject. In view 

of the many factors involved in the aero

dynamic design of leading-edge devices 

these data must only be considered indica

tive. 

G-5.1. Sections with plain leading-edge 

!laps 

The leading-edge droop causes a lift loss 

at zero angle of attack which can be de

rived from Glauert's linear thin airfoil 

theory: 

e - sine 
s s 6 c 

1T s ~(1. 
(G-55) 

where 

(G-56) 

The increment in c~max may be estimated on 
the assumption that this increment is en

tirely due to the change in the ideal an

gle of attack. The ideal angle of attack 

is the angle at which the flow comes 

smoothly onto the airfoil, causing no sin

gularity at the nose. Using the data from 

Ref. G-19, we may approximate the result 

by: 

6"crit __ 6_s_ 
c-' 

• 58 \ ..J!. 
c (G-57) 

Experimental data are in fair agreement 

with this expression for os up to 20 to 25 

degrees. Larger deflection angles cause 

only a slight increase in "crit up to os 

30 degrees, further deflection resulting in 
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a decreasing acrit• 

Leading-edge flap deflection has no effect 

on c~a' provided the angle of attack is 

positive and the flap is deflected not 

much more than 20 degrees. Pronounced non

linearities in the lift curve will be ob

served for negative and small positive an

gles of attack when the flap is deflected 

more than 25 degrees. 

G-5.2. Sections with slats and Krueger 

flaps 

As in the case of the plain leading-edge 

flap, extension of a slat results in a 

slight decrement in lift at zero angle of 

attack, caused by the nose droop. However, 

the slat increases the effective chord 

length and this causes a lift increment 

when ct is based on the original chord. 

Both effects are generally of the same or

der of magnitude and it is therefore rea

sonable to assume that asci 0 = 0, while 

the lift gradient is not affected to any 

considerable degree by slat deflection. 

The estimation of ctmax with a deflected 

slat is complicated by a number of fac

tors: 

1. For a given configuration and deflec

tion of the trailing-edge flap system, the 

slat will be more effective in terms of 

as cimax on an airfoil with a sharp nose 

than on a well-rounded airfoil nose. For 

an optimized slat configuration the stall 

may be of the trailing-edge type whereas 

without a slat it is of the leading-edge 

type. 

2. The slat position relative to the air

foil (slat deflection and gap between the 

airfoil and the slat) has a very pro

nounced effect on the lift and profile 

drag increment. An elucidating discussion 

can be found in Ref. G-29. 

3. The design of the trailing-edge flap 

system and the slat should be matched in 

order to obtain the highest performance. 

4. Compressibility effects may set an up

per limit to the performance of complex 

high-lift systems. In fact, Callaghan sug

gests in Ref. G-31 that the prediction of 
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maximum lift increment due to slats should 

be based on the condition that sonic flow 

sets a limit to the pressure peaks. 

Refs. G-27 and G-29 demonstrate that the 

details of a slat design optimization 

scheme are of paramount importance: for a 

particular configuration as cimax due to 

the slat may vary between .5 and 1.2. We 

therefore propose to differentiate between 

simple (nonoptimized) high-lift systems 

and fully optimized configurations. 

a. Simple slat configurations: the maximum 

lift increment is about 2.2 ycs;c with 

trailing-edge flaps retracted and 1.9 

ycs/c with trailing-edge flaps out. The 
corresponding slat deflection is about 25~ 

b. Optimized configurations: i.e. the com

bination of the main airfoil plus trailing

edge flap plus slat is designed in such a 

way that at high ci all parts of this sys

tem are simultaneously in a condition of 

separation. It is observed that these con

figurations achieve a critical angle of 

attack of approximately 27-2c1 degrees, 

irrespective of the section shape and the 

high-lift system. The following expression 

may thus be used for the airfoil section 

with slats deflected: 

ct 
max 

ct +afci +.47 ci 
o o a 
1+.035 ct 

a 

(G-58) 

where cia is in rad- 1 and ks is a factor 

which takes into account the nonlinearity 

of the lift curve at high lift. It is gen

erally between .03 and .15, with ks = .07 

as a good average. Factors ct0 and cia in 

(G-58) are the lift at zero angle of at

tack and the lift-curve slope for the air

foil with or without flaps deflected, to 

be obtained from experimental data or from 

Sections G-2.2. and G-2.4. of this appen

dix. 

The maximum lift capability of Krueger 

flaps is very similar to that of slats. In 

view of the pitching moment behavior at 

large lift coefficients Krueger flaps are 

generally used inboard only on swept wings, 

while slats may be used both full span and 



outboard. 

G-5.3. Wing lift with leading-edge devices 

.06 
17% chord slat. flap 
deflection 10 deg. 

For plain leading-edge flaps the increment .04 
in the critical angle of attack given by 
{G-57) can be converted into a maximum 
lift increment: 

·-c-' 5ws 2 
6 CL ; .58 \ ~ 6s c, ---5 cos A~. 

5 max c x.a 

{G-59) 

where Sws is the projected wing area e
quipped with slats. 

For full-span optimum slat configurations 
it was found that {G-58) can be used in a 
slightly modified form: 

CL =.93 
max 

{G-60) 

In this expression CL0 is defined at a=O 
for the wing .. 

For part-span slats the CLmax increment is 
given by: 

{G-61) 

where 6 c~ is obtained by subtracting 
the max~m~afift coefficient for the basic 

airfoil {slats in) from that with slats 
out. The sweep effect in {G-61) is an ap
proximation of the curve given in Ref. 
G-31. 

G-5.4. Drag due to leading-edge devices 

Leading-edge devices have little influence 
on the profile camber and when deflected 

they cause negligible aerodynamic twist. 
Their effect on the vortex-induced drag 
may therefore be neglected. 

An example of profile drag polars of an 
airfoil with and without slat is depicted 
in Fig. G-24, which shows that \ 

a. the drag increment at 70 percent of 

c~max is approximately 70 counts; 
b. when the polar with slat out is based 

.02 

Fig. G-24. Drag polars of an airfoil with 
single slotted flap, with and without flap 
{Ref. G-53) 

on the extended chord, there is virtually 
no drag increase between 70 and 90 percent 

of c~max; 
c. the profile drag increases sharply at 
lower lift coefficients, probably due to 
flow separation on the lower surface of 
the slat. 

The slat has a large influence on the air
foil pressure distribution, resulting in 
decreased flow velocities near the leading 
edge of the basic airfoil and consequently 
a profile drag reduction. On the other 
hand, the slat itself not only increases 
the wetted area, but it carries a rela
tively high load and t~ local friction· 
will be high, due to the high flow velo
cities. Slat gap and deflection angle are 
major parameters contributing to these 
flow phenomena. 
The following provisional rule of thumb 
may be suggested on the basis of Fig. G-24: 

6 c = (c0 ) s~s :s cosAL 
s 0p p basic ~ 

{G-62) 

where (c0 ) is the profile drag of 
the airfollb=l~~ slats and trailing edge 

flaps retracted. The reservation must be 
made that {G-62) is valid only in the 
range of lift values where the slat posi
tion is optimum. 

549 



For plain leading-edge flaps the effect of 

flap deflection on profile drag will be 

very small, provided the deflection is 

matched to the range of lift values to be 

considered. 

G-6. DRAG DUE TO EXTENSION OF A RETRACT

ABLE UNDERCARRIAGE 

The drag due to an extended undercarriage 

is: 

(G-63) 

where 6mg and 6ng denote the contributions 

of the main and nose gear, respectively. 

The undercarriage drag is determined ~ot 

only by its drag area, but also by the lo

cal flow conditions. Consequently, the an

gle of attack (or lift coefficient) and 

the position of the high-lift devices have 

to be taken into account: 

CD = F uc ( Cl' .Sf) (co ) . 
UC UC baS1C 

(G-64) 

The following methods for estimating the 

basic undercarriage drag coefficient are 

proposed. 

METHOD 1: 

fc 0 \ 
\ uc/basic 

1. 5 :L sft + . 75 :L srt 
(G-65) s 

where in the case of non-bogie type gears 

E Sft denotes the total frontal area of 

all tires, and in the case of bogie-type 

gears E Sft is the frontal area of the 

front tires only. E srt is the total fron

tal area of the rear tires in the case of 

bogie-type gears and is equal to zero for 

non-bogie type gears. 

Equation G-65 represents the total basic 

undercarriage drag coefficient and not just 

the tire drag coefficient. 

METHOD 2: 

When the tire size and the undercarriage 

configuration are not (yet) known, a pure

ly statistical expression can be used: 

550 

w .785 

(C0 ) . = constant ~ 
UC baS1C 

(G-66) 

where the constant is equal to 4. OSXl0- 3 

when wto is in lb and s in sq. ft, or 7x10- 4 
2 when wto is in kg and s in m. 

Factor F uc (a., Of) depends on various factors. 

a. The nose gear drag will not be affected by a. or 

0 f to any appreciable extent, nor will it affect 

the airframe drag. 

b. The main gear is placed below the wing and will 

thus be sensitive to the local flow conditions. 

c. For a given aircraft general arrangement and 

geometry, the induced effects of wing and flap lift 

reduce the undercarriage drag. 

d. For given flight conditions (incidence and flap 

angle} , the local position of the undercarriage 

relative to the wing, the wing thickness and camber, 

and the spanwise lift distribution all affect the 

undercarriage drag. 

e. The undercarriage will have an effect on wing 

lift and hence on the vortex-induced drag. In the 

clean configuration the circulation will be slight

ly increased by the blocking effect of the airflow 

due to the main gear. When the trailing-edge flaps 

are deflected, the wake generated by the undercar

riage may hit the flaps and in that case the lift 

will be reduced. 

f. Part of the undercarriage of pro,Qeller aircraft 

will be in the slipstream and experiences an effec

tive drag inCrement, which will depend upon the 

flight condition. 

A theoretical analysis of the function 

Fuc(a,.Sf) cannot (and need not) be made in 

the preliminary design stage. Instead, a 

reasonable approximation may be used: 

2 
CL+6fCL0 (1.55/Swf-1) l 

tuc/cg 

(G-67) 

where ~uc is the length of the main gear 

legs, i.e. the distance between the local 

wing chord and the wheel axis. Equation 

G-67 is based on Helmholtz' theorem, ap

plied to the lift of the basic wing sec

tion and the flap separately. 



It should be noted that retraction of the undercar-

riage during takeoff will initially cause the drag 

to increase some 20 to 30 percent, mainly due to 

the extension of the wheelbay doors and the drag 

of the ,,..hee lbays. 

G-7. GROUND EFFECTS 

The basic nature of the changes in the 

flow field due to ground effect can be 

analyzed with simple mathematical models, 

using the Prandtl lifting-line concept. 

Wieselsberger has derived some of the re

sults given below (Ref. G-74) in a slight

ly modified form, which are still satis

factory for present-day conventional wing 

shapes, provided the distance to the 

ground is not too small and the lift co

efficient is not too high. Wieselsberger's 

results can be applied readily in prelim

inary design to wings with flaps retracted, 

but unfortunately the results are not very 

good for the condition.with flaps deflect

ed at high lift. Some modifications were 

found to be necessary. 

G-7.1. Ground effect on lift 

a. In two-dimensional analysis the image 

vortex of the airfoil below the ground 

plane induces a velocity distribution at 

the airfoil in the opposite direction to 

the free-stream velocity, thus reducing 

the lift. In addition, the camber and in

cidence of the airfoil are effectively in

creased. For low lift coefficients and 
moderate wing height these opposing ef

fects are approximately equal in magni

tude, and the ground effect on lift can 

be calculated with sufficient accuracy by 

ignoring them. At low wing heights and 

high lift coefficients, however, particu

larly with flaps deflected, the induced 

horizontal velocity is dominant, causing 

a decrease in airfoil lift from its free

stream value. 

When the airfoil section is sufficiently 

high above the ground, it can be replaced 

by a single vortex and the velocity in-

duced by the image vortex can be derived 

from Helmholtz' law: 

(G-68) 

where h is the height of the airfoil a.c. 

above the ground plane. Provided 6V/Vw<<1, 

the reduction in effective velocity must 

be regained by increasing the angle of at

tack in order to maintain c~ constant: 

6a. 
4n h/c c~ 

a. 

(G-69) 

The effective increase in camber is pro

portional to 6V/Vw and the chord length, 

and inversely proportional to the a.c. 

height. Assuming that the average upwash 

is equal to the upwash at the mid-chord 

point, we have for constant c~: 

6a. 6V c 
- .25 vw 2h 

64n (h/c) 2 
(G-70) 

For finite wings the effects described a

bove are less due to the finite length of 

the bound vortex. The correction factor S 
proposed in Ref. G-95 takes this into ac
count. Thus we find for the total effect 

due to the bound vortex: 

(G-71) 

For several heights of the trailing edge 

above the ground, ~ 1 a. is shown in Fig. 

G-25a, and S is given in Fig. G-26. 

b. The induced upwash due to the images of 

the trailing vortices was first analyzed 

by Wieselsberger. It is usually expressed 

as a reduction of the angle of attack re

quired to achieve a given CL: 

(G-72) 

According to the classical lifting line 

theory for high aspect ratio straight 

wings with elliptic lift distribution: 
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a. Airfoil section with flap ; effect of trailing 

edge height on the lift curve 

with ground 
effect 

b. Ground effect on the lift c urve of a wing 

Fig. G-25. Ground effect on airfoil lift 

and hence 

(G-7 3) 

A mo r e gene rally valid expre ssion for 

swept wings of arbitrary aspect ratio is: 

~2~ = -a cL (c~ - c~ ) 
~ ~ 

(G-74) 

The ground effect factor a can be obtained 

from Fig. G-26. 

The combined effects of ~l~ en ~ 2~ on the 

lif t - c urve of a wing are shown in Fig . 25b. 

c. The image vortices of the wing trailing 

vortex system induce an upwash at the hor

izontal tai lplane . For a given angle of 

attack and tailplane setting the associated 

lift increment is: 
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trailing vortices 

1.06 

1.04 

1.02 

1.0 

.98 @ 

': 
b : .96 

th 

.940 .2 .4 .6 h/ b .8 1.0 

c . Effect o f wing height and lift coeffi c ient on 

ground effec t 

(G-75) 

The position of the tailplane relative to 

t he wing is of paramount importance. Meth

ods for computing ~ £h/£h and d £h/d CL 

can be found in Refs. G-19 and G-95. 

The induced tailplane lift must be trimmed 

out by elevator deflection. Moreover, 

ground effect causes a shift in the wing 

center of pressure and this effect must 

also be counteracted by e l evator deflec

tion. A secondary effect is the induced 

downwash or upwash at the horizontal tail 

due to the image vortices of the tailplane 

itself . 
The various eff ect s o f g round proximity on 

tailplane lift are difficult to calculate 

and d ue to their r e l ative ly small magni-



tude they are frequently neglected. 

d. The pressure distribution around an 

airfoil changes considerably when it is 

placed near the ground, in particular when 

effective trailing-edge flaps are deflect

ed. A change occurs in the spanwise load 

distribution, leading to an increased 

root-stalling tendency on swept wings. 

The induced adverse pressure gradient at 

the leading edge may result in early sep

aration, while blocking or even reversal 

of the flow can occasionally be observed 

below the wing. As a rule a reduction in 

CLmax will be observed. This effect must 

not be ignored, particularly for STOL con

figurations (Ref. G-96), and an assessment 

by means of wind tunnel experiments must 

be made in the early stages of aerodynamic 

development. The effect has an important 

bearing on the minimum unstick speed VMU 

(see Appendix K, Section K-2). 

The t.otal effect on lift may be found by adding 

the contributions discussed in a. and b. above. 

Defining the lift coefficient at a given incidence 

out of ground effect as CLoo' and substituting the 

expression for CLa given in Section E-4.1. of Ap

pendix E, we find the following approximation for 

the lift in ground effect at the same angle of at

tack: 

_c_L_ = 1 +O _ a A cos\ _ --~-- x 
CL 2 2 4IT h/cg 

oo 2cosA., +\A + (2cosA~) 

k -16c~~c ) 
00 g 

(G-76) 

This expression has been plotted in Fig. G-25c for 

a straight aspect ratio 7 wing, as a function of 

wing height for several lift coefficients. The fig

ure shows that for lift coefficients up to two the 

effect of the induced upwash and camber dominate, 

while for higher values the effective lift is re

duced due to the decrement in effective flow ve

locity. 

G-7.2. Ground effect on drag 

The aerodynamic phenomena referred to in 

the previous section result in the follow

ing expression for the vortex-induced drag 

in ground effect of the wing: 

(G-77) 

1 -

where (Co ) denotes the vortex-induced v 00 

drag in the absence of ground effect. 

There is also a reduction in the profile 
drag caused by the reduced effective flow 

velocity. Assuming that only the wing pro

file drag is affected, the following ex

pression can be derived for the total drag 

reduction due to ground effect: 

(G-78) 

where the vortex-induced and profile drag 

coefficients of the wing (with or without 

flaps extended) may be obtained from Sec

tions G-4.1. and G-4.2., respectively. The 
functions a and S are plotted in Fig. G-26. 

The effect of ground proximity on trim 

drag can be calculated in principle, but 

the amount of work involved is probably 

not justified in view of the unavoidable 

inaccuracy of the calculation. 

G-8. DRAG DUE TO ENGINE FAILURE 

The drag increment in steady flight fol

lowing engine failure is composed of en

gine windmilling drag, propeller drag, and 

drag due to the asymmetric flight condi

tion: 

6C0 = 6C0 + 6C0 + 6C0 
ewm prop as 

(G-79) 

G-8.1. Engine windmilling drag 

The drag of a windmilling gas-turbine en

gine is composed of external drag due to 

spillage of the inlet and internal drag 

associated with pressure losses in the 

flow through the windmilling engine. 

Very little is known about external drag; 
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NOTE 

a=exp (-2.48 (2 hef/bl · 768 f 

.2 .4 .6 I .B 
2heff b 

1.0 
Fig. G-26. The ground ef

fect functions a and B 

(Ref. G-95) 

a reasonable figure is probably: 

(G-80) 

where Di is the engine inlet diameter. 

The internal drag can be obtained fromthe 

momentum theorem: 

(G-81) 

where VN is the mean flow velocity in the 

nozzle exit and rn the windmJlling mass 

flow. Equation G-81 may be further expand

ed by assuming that the nozzle exit tem

perature is equal to the static tempera

ture plus 80 percent of the temperature 

rise due to the stagnation effect. Taking 

the static pressure of the exit flow e

qual to the ambient pressure, we obtain 

for the total drag area due to a wind

milling engine: 

2 2 VN VN 
t::. (CDS) =.07850. +---2 AN V (1- -V) 

wm 1 1+.16M 

(G-82) 
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Typical values for VN/V are: 

straight turbojet and turboprop engines: 

.25 

low bypass ratio engines, mixed flow: 

.42 

primary airflow of high bypass engines: 

.12 

fan airflow of high bypass engines: 

.92 

For bypass engines with separate nozzles 

for the hot and cold flow, the contribu

tions of both flows to the internal drag 

must be added. 

G-8.2. Propeller drag 

A detailed procedure for calculating pro

peller windmilling drag can be found in 

Ref. G-100. For a feathered, stopped pro

peller the following approximation can be 

derived from Ref. G-98: 

(G-83) 



where Bp is the number of blades per pro

peller and Dp the propeller diameter. 

G-8.3. Drag due to the asymmetric flight 

condition 

Engine failure causes yawing and rolling 

moments when, as is usual, the inopera
tiv2 engine is located outside the XOZ 

plane of the aircraft. These moments must 

be trimmed out by rudder and aileron/ 

spoiler deflection. The following drag 

contributions result from this asymmetric 

condition: 

a. induced drag due to the normal force 
on the vertical tailplane, 

b. profile drag increment due to rudaer 

and aileron (spoiler) deflection, 

c. airframe drag due to sideslip, 

d. vortex-i~duced drag due to the change 

in wing lift distribution, associated 
with sideslip and the asymmetric slip

stream behind propellers, and 

e. a change in the profile drag of the 

parts of the airplane immersed in the 

propeller slipstream. 

The pilot may choose the angle of bank or 

sideslip after engine failure, within cer
tain limits.* The various drag components 

are depicted in Fig. 48 of Ref. G-31 as a 
function of the sideslip angle. It is gen

erally found that the total asymmetric 

drag after failure of a starboard engine 

is minimum for a small negative slip an
gle, i.e. the airplane sideslips in the 
direction of the operative engine. How

ever, there is very little drag increment 

in a flight without sideslip. In that con

dition the most important drag contribu

tion is caused by the vertical tailplane. 

The lift-induced drag of the vertical 

tailplane for zero slip is given by: 

C Sv sin a 
Yv v 

(G-84) 

where 

*cf. Section 9.6.1. 

(G-85) 

and Aveff is the effective (aerodynamic) 
aspect ratio of the vertical tailplane 

(cf. Fig. 2-26). 

crv is the mean sidewash angle at the ver
tical tailplane associated with the asym

metric downwash behind the wing due to the 

asymmetric lift distribution. 

~T is the net thrust loss of the failed 

engine plus the engine windmilling and 

propeller drag. 

Ye is the yawing moment arm of the failed 
engine. Note that in the case of rear

mounted engines this distance can be re

duced to a certain extent by suitable 

choice of the direction of the engine ex

haust flow (cf. Fig. 6-18). 
The profile drag increment due to rudder 

deflection may be estimated by using the 
generalized data on plain flap effective

ness and drag increment presented in the 
relevant sections of this Appendix and 

Appendix E. The result is approximatedby: 

~(C S)=~ SS(A )- 4 / 3 (cosA ) 1/\ D 11 \ r v veff v 

c 2 (G-86) 
Yv 

The drag area due to engine failure is 

found by adding (G-84) and (G-86) and sub

stituting (G-85). The result can be writ

ten in the following form: 

~(C S) =K !thrust per engine ~(C S) 
D as as q + D wm+ 

~(CDS)prop/ 2 +Kcr thrust p~r engine (G- 87 ) 

where 

K =(Ye) 
as iv 

2 
1 

sv 
l IS' 

~ 1+2.3 \, sr 
veff v 

fA /cosA)- 113) 
\ veff v 

(G-88) 

(G-89) 

For jet aircraft it is reasonable to as-
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sume dav/dCL = 0, hence K0 = 0. For pro

peller aircraft the order of magnitude of 

dav/dCL is such that the associated asym

metric drag accounts for a very large con

tribution. The author does not have at his 

disposal any data for estimating dav/dCL' 

although Ref. G-101 presents a qualitative 

assessment of the effect. It is found that 

in some cases, particularly on high-wing 
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Appendix H. Procedures for computing turbo-engine 
performance for aircraft project design work 

SUMMARY 

This appendix contains a survey of analytical equations for computing the aerothermody
namic performance of gas turbine engines: straight turbojets, bypass engines (turbofans) 
and turboprop engines. Both the gas generator and the overall engine performance are 
dealt with, on the assumption that the engine operates under its design conditions. An 
approximate expression is also presented for relating the cruise and climb thrust (at 
altitude) for a turbojet engine to the takeoff thrust. 
The method can be used to perform parametric design studies of gas turbine engines for 
the purpose of investigating the optimum aircraft I engine combination. For this reason 
the Turbine Entry Temperature, the Overall Press.ure Ratio and the Bypass Ratio can be 
dealt with as explicit variables. 
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NOMENCLATURE 

N 

- fan inlet duct cross-sectional area 

- total exhaust nozzle area of fan 

and gas generator flows 

- intake area of total engine flow 

speed of sound at sea level ISA 

- skin friction coefficient for 

smooth duct flow, turbulent b.l. 

- specific fuel consumption of turbo

prop engine 

- specific fuel consumption of turbo

jet engine 

specific heat of engine air at con

stant pressure 

- gas generator power function 

- heating value of fuel 

- duct pressure loss factor 

- flight Mach number 

- Mach number at engine inlet face 

design flight Mach number for tur

boprop engine 

- mass flow per unit time (no index: 

total engine mass flow) 

- engine h.p. compressor rpm 

Pbr - brake horsepower 

Peq - equivalent horsepower 

Pgis - convertible energy generated by 

gasifier 
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- static pressure 

- ambient pressure 

- p 0 at sea level 

- total (stagnation) pressure 

- Reynolds number 

- thrust; (static) temperature 

- ambient temperature 

- T at sea level 
0 

net jet thrust of turboprop engine 

- total (stagnation) temperature 

takeoff thrust (static, sea level) 

- flight speed 

- velocity of fully expanded exhaust 

flow 

- weight flow per unit time of engine 

air 

fuel weight flow per unit time 

ratio of specific heats (for ambi

ent air: y = 1.4) 

relative ambient pressure (o 

Po/P.oo) 

- total pressure ratio of compressor 

or fan 

n - efficiency 

- combustion efficiency 

- isentropic compressor efficiency 

- isentropic fan intake duct effi-

ciency 

- isentropic fan efficiency 

- gas generator intake stagnation 

pressure ratio 

nmech - efficiency of mechanical transmis

sion (gearbox) 

- isentropic efficiency of expansion 

process in nozzle 

np - propulsive efficiency 

nprop - propeller efficiency 
nt - isentropic turbine efficiency 

ntf - product of nf and nt 

nth - thermal efficiency of gas generator 

ntot - overall engine efficiency 

e relative ambient temperature (8 

K 

a 

To/Too) 
- temperature function of compression 

process 

- bypass ratio 

- ratio of stagnation to static tem-

perature of ambient air 

- jet velocity coefficient 

- nondimensional Turbine Entry Tem-

perature 

- gross thrust parameter 

- .corrected specific thrust 

Subscripts 

B 

c 

d 

e 

F 

f 

g 

i 

n 

t 

tf 

to 

- combustion chamber 

- high-pressure compressor 

fan intake duct 

- nozzle exhaust 

- fuel 

- fan 

- gas generator 

intake of gas generator 

exhaust jet of turboprop engine 

nozzle 

turbine 

- combination of turbine and fan 

- takeoff, sea level static condi-

tion 



The sta~ion numbering system used is in 
accordance with Fig. 4-16: 0 - ambient; 

1- nacelle leading edge; 2 -(l.p.)com-

H-1. SCOPE OF THE METHOD 

Most of the equations presented in this ap

pendix have been derived in Ref. H-1 within 

the framework of propulsion system analysis 

for aircraft with Laminar ·Flow Control 

(LFC) • They are presented here in a slight

ly modified form to make them readily usa

ble for takeoff, climb and cruise condi

tions for normal subsonic engines without 
special facilities for LFC. In addition, 

the result of Ref. H-6 has been reproduced, 

yielding a simple method for computing the 

jet engine thrust lapse with altitude. 

The classical procedure for analyzing en

gine performance is to carry out a cycle 
analysis for the various thermodynamic 
processes in the engine. Many examples of 

this procedure can be found in the litera
ture, e.g. Ref. H-7. In Ref. H-1 it is 

shown that engine performance can be writ

ten in closed form if the following sim
plifications are considered acceptable: 

a. The thrust is referred to fully expanded 

conditions. Thus instead of the usual 

standard net thrust definition, we use the 
ideal thrust: 

T = mg (vg-V0 ) + mf (vf-V0 ) (H-1) 

for fully expanded exhaust flows. 

b. The fuel mass flow is neglected relative 
to the engine air mass flow: 

(H-2) 

c. The ratio of specific heats is assumed 

constant throughout all engine processes 
(y=l.4). 

d. The fan and exhaust flows are unmixed. 
e. Power extraction and/or bleed air take

off for airframe services are ignored. 

Although assumptions b. and c. will result 

in considerable errors in individual ther

modynamic processes, it is experienced that 

pressor entry; 3 -(h.p.)compressor exit; 
4 - turbine entry; 5 - turbine exit 

several effects cancel each other out when 

the overall engine performance is consid
ered and for most conventional engine con

figurations the results are found to be 

reasonably accurate. 

Several equations similar to those derived 

in Ref. H-1 can also be found in Refs. H-2 

th~~ugh H-4. The background to the cycle 

anal••sis and the various assumptions and 
approximations from which the simple an

alytical expressions have been derived are 

discussed in Refs. H-1, H-4 and H-.6. The 

present method is useful for application 

in aircraft project design work, in which 

errors of a few percent are acceptable. The 

results of the present method are not, how
ever, accurate for low engine ratings, par

ticularly when the hot flow nozzle is not 
choked. An alternative method for turbo
jets can be fcund in Ref. H-8. 

Finally, it should be noted that various 
definitions used in this appendix are dealt 

with in greater detail in Section 4.3. 

H-2. THE GAS GENERATOR 

The following major engine parameters are 
used in the analysis. 
TURBINE ENTRY TEMPERATURE Tt4 , a quantity 

which particularly affects the (specific) 

thrust, as discussed in Section 4.4.2. High 

values of specific thrust are obtainable 

when turbine blade cooling is used, butthe 

effect of the cooling on engine performance 
will not be taken into account here. In

stead, the data in Ref. H-5 suggest that a 

correction for cooling can be made by sub

stituting in the present equations an e

quivalent value of Tt4 which is about 30K 

(54R) below the actual Tt4 of the (cooled) 
blades. 

OVERALL PRESSURE RATIO e:c' an engine char
acteristic which is of vital importance to 

the engine (specific) fuel consumption, as 
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discussed in Section 4.4.1. For the usual 

engine config~ration with a fan in front 

of the gas generator, Ec is equal to the 

combined effect of the fan and the rernain

~ng portion of the engine compressor. 

The analysis is simplified by introducing 

the following characteristic functions: 

the non-dimensional Turbine Entry Tempera

ture: 

(H-3) 

and the temperature function of the corn

pression process: 

.2857 
II (EC -1) (H-4) 

where 

1 + .2 M0
2 (H-5) 

Gas generator performance may be expressed 

in nondirnensional form in terms of a GAS 

GENERATOR FUNCTION, 

G 

and a THERMAL EFFICIENCY, 

n 
th 

P - , m v 2 
gis g 0 

rng cp (Tt4 -Tt3) 

(H-6) 

(H-7) 

where Pgis is the gas generator CONVERTIBLE 

ENERGY, defined as the portion of the gas 

generator hot-gas energy that can be con

verted into useful propulsive power. The 

convertible energy is equivalent to the 

kinetic energy of the gases for the hypo

thetical case that they would expand to 

ambient pressure in an isentropic process. 

The rest of the energy is lost in the form 

of heat added to the atmosphere. 

The gas generator function G can be calcu

lated as follows: 
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where a combustion chamber pressure loss 

of 3.5 percent has been assumed. The gas 

generator intake stagnation pressure ratio 

is defined as follows: 

(H-9) 

The isentropic compressor efficiency nc is 

the ratio of the total temperature rise in 

an isentropic compression to the actual 

temperature rise in a (polxtropic) corn

pression with the same pressure ratio. 

The isentropic turbine efficiency nt is 

the ratio of the actual total temperature 

drop in the (polytropic) expansion process 

to the temperature drop in an isentropic 

expansion with the same pressure ratio. 

Some guidelines with respect to the choice 

of ni' nc and nt are given in Section H-7. 

The thermal efficiency is computed as fol

lows: 

G- 2 M 2 
• 0 

(H-10) 

Instead of G, a velocity coefficient a may 

be used to characterize the gas generator 

performance: 

(H-11) 

Unlike G, the velocity ratio is character

ized by its large variation with flight 

speed. 

H-3. SPECIFIC PERFORMANCE OF STRAIGHT JET 

ENGINES 

The PROPULSIVE EFFICIENCY is defined as 

follows: 

n = 
P P - ~ m v 2 

gis g 0 

(H-12) 



and can be computed from: 

2o (~-o) 
Tl = 

P 1-o2 
(H-13) 

where o is given by (H-11) and the isen

tropic nozzle efficiency is defined in a 

manner similar to the turbine efficiency 

nt. 
The OVERALL EFFICIENCY is defined as fol

lows: 

(H-14) 

and can be computed ·from: 

(H-15) 

The SPECIFIC FUEL CONSUMPTION is related 

to the overall efficiency by: 

(H-16) 

This quantity may be obtained from the 

CORRECTED SPECIFIC FUEL CONSUMPTION: 

. 711 (H-17) 

for a combustion efficiency of 98 percent. 

The SPECIFIC THRUST is the engine thrust 

divided by the intake mass flow per unit 

time. The following applies to the CORRECT

ED SPECIFIC THRUST: 

(sec) (H-18) 

H-4. SPECIFIC PERFORMANCE OF TURBOFAN EN

GINES 

The BYPASS RATIO A , defined as the ratio of 

the mass flows per unit time through the 

fan and the gas generator, respectively, 

is a fundamental parameter of turbofan en

gines, affecting engine layout, specific 

thrust, specific fuel consumption, weight, 

drag and noise. Its significance is dealt 

with thoroughly in Section 4. 

An "optimum" FAN PRESSURE RATIO may be 

defined, resulting in maximum propulsive 

efficiency and thrust and minimum CT for 

a given gas generator. Its value can be 

obtained from: 

Tltf G - .2 ni M0 I 2 2,3. 5 

= 1 + ~(1 + Tltf A) (H-19) 

This pressure ratio corresponds to the 

"optimum" jet velocities of the fully ex

panded hot and cold flows: 

v 
gopt =a 
19 00 

(H-20) 

where a00 is the speed of sound at sea lev

el ISA (1116.9 ft/s 340.4 m/s). 

(H-21) 

The following equations are valid on con

dition that the fan pressure ratio is op

timized according to (H-19). 

Propulsive efficiency, defined by (H-12): 

(H-22) 

overall efficiency, defined by (H-14): 

n M 
2 jj = 4 B o (1+ A) 

11 tot · ~-~-K/nc 11 n 11 tf 

(l+A)I 
corrected specific fuel consumption, 
combustion efficiency of 98 percent: 

and the corrected specific thrust: 

.j(G+.2M 2 ~A)' -M I (sec) 
\ o ntf o 

(H-23) 

for a 

(H-24) 

(H-25) 

565 



The ISENTROPIC FAN INLET DUCT EFFICIENCY 

nd in these equations is the total temper

ature rise resulting from an isentropic 

compression from ambient to fan total in
take pressure, divided by the actual tem

perature rise in an adiabatic compression 

to the same inlet pressure. Provided the 
intake of the gas generator and the fan 

have similar performance, the relationship 

between nd and ni is as follows: 

or: 

y-1 
y 

r.:! 2 1 + 2 Mo 

2 3.5 

n = o (
1 + .2 nd M ) 

i 1+ 2M 2 
• 0 

A convenient approximation is: 

7 M 2 
. 0 

1-n.=(1-n l 2 
1 d 1 + .2 Mo 

(H-26) 

(H-27) 

H-5. THRUST LAPSE RATES, INTAKE AND EXHAUST 

AREAS OF TURBOJET AND TURBOFAN ENGINES 

The engine thrust can be derived from the 

specific thrust, provided the engine mass 

flow is known. To this end an estimation 

must be made of the total nozzle area Ae' 

which is assumed to be fixed. 
A correlation of Tt0 /(Ae p00)vs. the specif
ic thrust in static takeoff conditions is 

presented in Fig. H-1. The same figure can 

also be used to find the fan intake area 

Ai: 

1 + .6 M/ 
.04 Mi 1/Jto 

(H-28) 

where Mi is the mean Mach number at the 

fan face and 1/Jto the corrected specific 
static takeoff thrust at sea level. An av

erage value Mi = .5 appears to be repre
sentative for sizing the fan inlet area. 

THE GROSS THRUST PARAMETER ~ is now de

fined as: 
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1 + gross thrust 
Ae Po 

lj)= -----;;-7--~
\13.5 

(H-29) 

This parameter is frequently used in the 
presentation of nondimensional engineper

formance. Its meaning can be demonstrated 

by taking the sealevel static conditi.on for 

a straight turbojet with choked nozzle. For 

that condition the following relation can 

be derived: 

•• =( 1+ ) static exhaust nozzle pressure 
Tto Ye ambient pressure 

(H-30) 

where ye %. 1. 33 

The general case of a turbofan engine 

(static, takeoff) yields: 

<Pte (ll-31) 

The corrected intake weight flow is 

Wlft21Pt2 • where Tt2 and Pt2 are the total 
intake temperature and pressure, respec

tively. Both the gross thrust parameter and 

the nondimensional weight flow are related 

to the corrected engine rpm (N/~l. 

The compressor speed is not a conv~nient 
parameter for a generalized method as it 

is greatly dependent upon the particular 

compressor design, and should therefore be 

eliminated. The following approximate re

lationship can be deduced from considera

tion of several nondimensional graphs ob

tained from engine performance brochures: 

(H-32) 

The square-root relationship has no phys

ical meaning, but it gives a reasonable 
approximation (see Fig. H-2) and is con

venient for solving the equations analyt

ically. For normal operational conditions 

in takeoff, climb and cruising flight, the 

nondimensional mass flow is within :!:. 5% of 

the value at takeoff and the approximation 
given by (H-32) is acceptable. 
Equation H-32 can be combined with: 



2 

roo~---r-----
-i -A.,-· . . ·- · . -

f- M;._ . ---~• 
I 

10 20 30 40 50 60 70 
TAKEOFF SPECIFIC THRUST- SEC 

Fig. H-1. Intake and exhaust areas as determined by the take

off specific thrust (civil jet engines, fixed nozzle) 

approximation: 

w~ T -- _,_ 
Pt2 Wto - <j>to 

Pt2 total 

Tt2 total 

intake 

intake 

w engine weight 

w W at SLS, ISA to 

pressure 

temperature 

flow per unit 

<j> gross thrust parameter 

.a L-_ __,_ __ ....~..-__ ..__......J 
.8 .9 1.0 1.1 1.2 

0 /010 

Fig. H-2 . Nondimensional engine air weight 

flow and gross thrust parameter for the 

Rolls-Royce RB183 turbofan engine 

time 
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T 

6Tto 

lj!to 
T (H-33) 

to yield the THRUST LAPSE RATE T/Tto" The 

solution of the resulting quadratic equa

tion is approximated by: 

T - ljJ 
6Tto -lj!to 

1.5 \-1-+ 6 \1 ~ 0 

\ \j)to 

\j) -1 
to 11 1.5 x 

IPto 

(H-34) 

where • is the corrected specific thrust 

for the condition for which T is required, 

and lj!to i.s the corrected specific thrust 

in the takeoff (sealevel, static). 

The gross thrust parameter \j)to is calcu

lated with (H-31) and Fig. H-1. Expr•es

sions for the specific thrust are given 

by (H-18) and (H-25) for straight jet and 

turbofan engines, respectively. The engine 

parameters A, Tt 4 , Ec and Ef are in prin

ciple not constant under various working 

conditions. The following assumptions can 

be made. 

Bypass Ratio A: assumed constant and e

qual to the value in the takeoff condi

tion. For low engine ratings the bypass 

ratio will increase considerably and the 

method is no longer valid. 

Turbine Entry Temperature Tt4 : the differ

ence in Tt between takeoff and maximum 

cruise rating is of the order of 150 to 

200 K (;70 to 360 R) for low bypass ratios 

and 50 to 100 K (90 to 180 R) for high by

pass engiues. The long-range cruise rating 

can be optimized with respect to Tt 4 (see 

Section 4.4.2.), while for maximum climb 

conditions Tt4 is between the values for 

takeoff and maximum cruise rating. 

Overall Pressure Ratio Ec: in cruising 

flight at altitude cc is generally about 

5 to 10% above the value for takeoff. 

For all conditions the fan pressure ratio 

cf is assumed optimum for minimum fuel 

consumption. 

A simple approximation can be derived for 

the thrust during takeoff from series ex

pansion of (H-25) and (H-32), assuming·~ 
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to be constant, nd = .98, ntf 

nn = .97, at sea level 

T 

Tto 
1 - -~·~45=4~(~1~+~Ak)~ + Mo 

\ ( l + • 75A) G 

(.6 + .1G3A) Mo2 

.75 and 

(H-35) 

This approximation is accurate up to a Mach 

number of approximately .3. The gas genera

tor function G is given by (H-8). Typical 

values are: 

G = .9, low-bypass engines and straight 

jets 

G 1.1, high-bypass engines 

H-6. SPECIFIC PERFORMANCE OF TURBOPROP EN

GINES 

The EQUIVALENT POWER is the sum of brake 

horse power and jet power: 

(H-36) 

Power distribution between the propeller 

shaft and exhaust gases is "optimum" (for 

maximum overall efficiency) if: 

~ m vc2 
2 

nt (nprop) 

(H-37) 

This condition corresponds to a jet veloc

ity: 

(H-38) 

THE OVERALL ENGINE EFFICIENCY, excluding 

the propeller contribution, is approximate

ly: 

(H-39) 

The following relationships are valid if 

the power distribution is optimized for 

nprop = • 85 and nB nmech = . 95, at a flight 

Mach number equal to M; . 

(BRAKE) SPECIFIC FUEL CONSUMPTION: 

C = fuel consumption per hour 
P brake horsepower 

(H-40) 



constant (K-40) 

wnere the constant is equal to . 1426 if CP 
is in lb/hp/h, or .0647 if CP is in kg/hp/ 

h. 

SPECIFIC SHAFT POWER: 

(H-41) 

SPECIFIC EQUIVALENT POWER: 

~ = constant jn G - (M*) 2 (.4-.193/nt)[ W8 t O I 

(H-42) 

where the constant in (H-41) and (H-42) is 

equal to 173 if Pbr is in hp and W ir. lb/s, 

or 382 if w is in kg/s. 

The Turbine Entry Temperature in cruising 

conditions is about 50 to 100 K (90 to 180 

R) below the value for takeoff rating. 

H-7. CYCLE EFFICIENCIES AND PRESSURE LOSSES 

The gas generator intake and fan inlet duct 

efficiencies ni and nd may be calcu~ated 

with the method in Ref. H-9. A simpler 

approach will be permissible in most cases 

if the inlet duct is of regular shape, 

without sharp bends or divergences. In 

that case we may use the following equa

tion, derived from Ref. H-10: 

(H-43) 

Kd is the ratio of the total duct pressure 

REFERENCES 

loss to that due to skin friction only, in 

a constant-ar .uct. For a good design 

Kd ~ 1.3. CF is the skin friction coeffi

cient in a straight duct, approximated by: 

c = _._0_5_ 
F (R )1/5 

e 

(H-44) 

where the Reynolds number is based on the 

average conditions in the duct and the 

mean duct diameter. 

Md = mean Mach number in the intake duct: 

24.11 w/6 
Adpoo - 6- (H-45) 

The air weight flow W is determined from 

the specific thrust and the thrust. For a 

generalized study of engines for high-sub

sonic aircraft it is reasonable to assume 

Md = .5. 

The stagnation pressure ratio ni is ob

tained from ( H-27 I. 

Other engine component efficiency factors 

may be assumed as follows: 

llf .85 to .87 - takeoff 

.82 to .85 - cruising 

nc .84 to .86 

nt .87 to .89 

nn .96 to .98 

The lower values are applicable to small 

engines, the higher ones to large civil 

aircraft engines. Engines can be designed 

in such a way that high fan efficiencies 

are obtained in cruising flight and lower 

values under takeoff conditions. This may 

be desirable for high-bypass engines in 

view of their unfavorable thrust lapse 

with altitude and flight speed. 
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Appendix J. Principal data of the US and ICAO standard 
atmospheres 

SUMMARY 

The Standard Atmosphere presented in this appendix is the US Standard Atmosphere 1962, 
prepared under the sponsorship of the NASA, USAF and USWB (United States Weather Bureau), 
This atmosphere is in agreement with the ICAO Standard Atmosphere over their common 
altitude range. For quick reference standard data for sea level are given, together with 
some of relative values at various practical flying altitudes. 
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HETRlC UNITS ENGLISH UNITS 

Altitude Pressure Temperature Density Kin. Viscosity Altitude Pressure Temperature 
ratio ratio ratio ratio ratio ratio 

m ' 9 /6 u v/ v0 ft h 9 Vo 
0 I I I I I 0 I I I 

I ,500 .83450 .96616 • 98294 .86373 1.1271 5,000 .83205 .96562 • 98266 
3,000 .69192 .93233 .96557 • 74214 ].2754 10.000 .68770 .93124 .96501 
4,500 .56973 .89849 .94789 .63410 1.4495 15,000 .56434 .89687 .94703 
6,000 .46564 .86465 .92987 .53853 I .6549 20,000 .45954 .86249 .92870 

7,500 .37751 .83082 .91149 .45439 1.8989 25,000 • 37109 .82811 .91001 
9,000 . 30340 • 79698 .89274 • 38069 2.1905 30,000 .29696 • 79373 .89092 

10,500 .24154 • 76314 • 87358 . 31651 2.5415 35,000 .23531 • 75935 .87141 
11 .ooo* .22336 • 75187 .86710 .29708 2.6743 36,089 * .22336 .75187 .86710 
12,000 .19078 • 75187 .86710 .25374 3.1311 40,000 .18509 • 75187 .86710 

13,500 .15059 . 75187 .86710 .20029 3.9666 45,000 .14555 • 75187 .86710 
15,000 .11887 . 75187 .86710 .15810 5.0251 50,000 .11446 . 75187 .86710 
16,500 .09383 • 75187 .86710 .12480 6.3660 55,000 .09001 • 75187 .86710 
1e,ooo .07407 . 75187 .86710 .09851 8.0648 60,000 .07078 . 75187 .86710 
19,500 .05847 . 75187 .86710 .07776 10.2169 65,000 • 05566 . 75187 .86710 

*tropopause 

Table J-1. Atmospheric properties for several geopotential altitudes 

STANDARD SEA ~ TECHNICAL UNITs• SI UNITS 
~ 

0 

LEVEL DATA .0 

~ ENGLISH METRIC METRIC U) 

PRESSURE Po 2116.22 lb1 /sq.ft 10332.27 kg1 /m2 101325.0 Newtons/m2 

( 14.696 lb1 /sq. in) (I 013. 25 millibar) 

TEMPERATURE t 
0 

59 F 15 C IS C 

T 518.67 R 288. 15 K 288.15 K 
0 

DENSITY Po .0023769 slugs/ft 3 .12492 kgfs2/m4 I. 2250 kg/m3 

VELOCITY OF a 1116.45 ft/s 340.294 m/s 340.294 m/s 
0 

SOUND 661 .48 knots 1225.06 km/h 

KINEMATIC -4 
sq.ft/s 

-5 
m2 /s 1.4607 x 10-s m2/s v 1.5723xl0 1.4607xl0 

VISCOSITY 
0 

ACCELERATION DUE 
32. 1741 ft/s 2 9.80665 m/s 2 9. 80665 m/ s 2 

TO GRAVITY 
go 

• Contrary to the convention used in this book, the subscript f for "force" has bee'n 

retained here in order to avoid confusion with the SI system. 

Table J-2. Standard sea level data 
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Density Kin.Viscosity 
ratio ratio 

u ~·I vo 

I I 
.86167 1.1293 
• 73848 1.2806 
.62924 I .4586 
.53281 I .6693 

.44812 I .9203 

.37413 2.2214 

.30987 2.5852 

.29708 2.6743 

.24617 3.2273 

. 19358 4. 1040 

.15223 5.2189 

.11971 6.6)67 

.09414 8.4395 

.07403 ]0. 7321 



Appendix K. The definition and calculation of the takeoff 
field length required for civil transport aircraft 

SUMMARY 

A summary and explanation are given of the various definitions associated with the take
off of civil transport aircraft, taking into account the event of engine failure. The 
schedule to be set up for determining the takeoff reference speeds is discussed and a 
suggested generalized procedure for analyzing the takeoff performance is presented. A 
survey of the methods and data required to actually perform the calculations for zero 
wind and a level runway concludes this appendix, which is intended to give adequate in
formation for evaluating the takeoff performance in the preliminary design stage. 
The principles of takeoff field length determination apply to civil transport aircraft 
(weight ~ 12,500 lb = 5,670 kg) only, but the methods of analysis and data presented may 
well be used for other aircraft categories, e.g. light aircraft. 
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NOMENCLATURE 

A 

a 

aspect ratio; factor in the decel

eration 

- acceleration or deceleration 

BFL - Balanced Field Length 

CD - (aircraft) drag coefficient 

- zero-lift drag coefficient 

- (aircraft) lift coefficient 

e.g. - center of gravity 

D - drag 

e - Oswald factor 

F(h) - non-dimensional height function 

F(y) - non-dimensional climb angle func

tion 

g 

h 

L 

lb 
N 

n 

- acceleration due to gravity 

- height 

- lift 

- wheelbase 

normal ground reaction force 

- load factor 

na - rate of change of load factor with a 

Qmax - total maximum torque of the wheel-

brakes 

rt - (deflected) tire radius 

S - wing area; distance 

T,T - thrust, mean thrust respectively 

t - time 

u.c. - undercarriage 

v 

w 

speed (relative to the ground and 

the air) 

weight 

- angle of attack 

K-1. REFERENCE DISTANCE DEFINITIONS 

Although the FAR and BCAR codes differ in 

detail, both attempt to ensure a similar 

level of safety in the takeoff with all 

engines operating, and in the event of an 

engine failure accurring at any point. Con

sequently, the basic procedures for takeoff 

calculations are identical. Definitions as

sociated with the takeoff are introduced by 

reference to Fig. K-1. Although the example 

applies to a twin-engine airplane, the re

quire~ents for three- and four-engine air

planes differ only in detail. The follow-
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- angle of climb 

- increment. 

- braking efficiency 

- angle of pitch 

- friction coefficient 

- air density 

Subscripts 

A 

b 

cg 

- airborne phase 

- braking 

- center of gravity 

cp - center of pressure 

eff - effective 

G - ground roll 

r.oF liftoff 

MC - Minimum Control (Speed) 

MU - Minimum Unstick (Speed) 

N - all engines operating 

N-1 - one engine inoperative 

ROT - rotation 

S - stalling 

STOP - stopping 

T - thrust line 

to 

..lC 

X 

0 

3 

- takeoff 

- undercarriage 

- moment of engine failure 

- standstill at beginning of runway 

- decision point; main UaC. 

35 ft height point (one engine in

operative); nose u.c. 

35 ft height point (all engines 

operating) 

ing principal distances* determine the 

takeoff field length required for a fixed 

weight, altitude, temperature and airplane 

configuration (e.g. flap setting). 

a. The TAKEOFF RUN required is derived 

from calculations by taking the distance 

needed to accelerate to the moment of lift

off, plus a proportion of the airborne dis-

*The definitions given here are interpre

tations of the formal definitions and pro

cedures in FAR 25.103 through 25.121 and 

BCAR Section D Ch. D2-3. 



NOTES: 

a. All-engine takeoff distance • 

distance to 35 ft x 1. 15 

b. All-eng i ne tak eoff run • 

distance to point equidistance 

betw~cn liftoff and 35 ft, 

factored by 1. I 5 

~---=="-----1 } -- ....... --

Fig. K-1. Takeoff procedures and requirements for a twin-engine civil transport aircraft 

tance to a height of 35 ft (FAR: half, 

BCAR : a third). In the all-engine case, a 

safety margin of 15% is added . The greater 

of these distances must not exceed the 

takeoff ground run available - i.e . the 

length of the runway, having a hard pre
pared surface compatible with the aircraft 

weight and undercarriage design . 

b. The EMERGENCY or ACCELERATE-STOP DIS

TANCE required is the distance to acceler

ate to the speed at which the critical en

gine fails (Vx)' plus the distance to come 
to a standstill by means of braking, when 

the pilot decides to abort the takeoff. 
This distance must not exceed the length 
of the takeoff ground run plus the stopway 

(if present). The latter has a surface ca

pable of supporting the aircraft with lit

tle damage and is suitable for braking. 

c . '!'he TAKEOFF DISTANCE required is the 

distance needed to accelerate, rotate to 

flying attitude and climb to a height of 

35 ft. In the all-engines case a safety 

margin of 15% is added. The greater of 

these distances must not exceed the length 

of the takeoff runway plus clearway* (if 
present) . The latter is essentially free 
of large protruding obstacles, but does 

not necessarily have a solid surface. For 

example, water may form a clearway. 

d. The BALANCED FIELD LENGTH (BFL) is the 

distance required in the situation where 

the emergency distance becomes identical 

with the takeoff distance to 35 ft with 
engine failure . ~he corresponding value 

of Vx is the CRlTICAL POWER FAILURE SPEED 

(Fig. K-2). Engine failure prior to this 

*Fig. K-1 assumes the stopway to be in

cluded in the clearway, but there is no 

unanimity about this. 

575 



POWER FAILURE SPEED 

Fig. K-2. Balanced field length concept 

and decision speed 

speed must be followed by an aborted take

off; the takeoff will be continued if en

gine failure occurs at the critical power 

failure speed or thereafter. Generally 

speaking, the BFL is obtained at the worst 

condition at which an engine can fail. In 

the preliminary design stage the BFL is 

usually determined without allowing for 

the existence of a stopway or clearway. 

e. The takeoff field length required is 

the greatest of the emergency distance, 

the takeoff distance to 35 ft with engine 

failure and the all-engine takeoff dis

tance to 35 ft, in the last case multi

plied by 1.15. 

Contrary to the all-engine case the un

factored BFL is accepted by the airworthi

ness authorities as the reference engine 

failure case, the reason being that engine 

failure at the critical power failure 

speed is considered as an extremely un

likely combination of unfavorable condi

tions, to which no extra safety margin 

need be added. 

f. The TAKEOFF PATH from rest to at least 

1,500 ft (450 m)* is divided into the take-

*More precisely: the altitude where the 

flaps are retracted and the airspeed is 

increased to the operational climb speed. 
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off distance and the takeoff flight path 

(Fig. K-1). The takeoff distance is the 

more complicated case and will be dealt 

with in greater detail. The takeoff flight 

path begins at 35 ft above the airfield 

and must be determined in order to ensure 

that, for a particular flight, obstacles 

will be cleared by at least 35 ft in ad

verse conditions, with engine failure and 

a combination of unfavorable deviations 

from the GROSS (nominal, calculated) 

FLIGHT PATH performance. These deviations 

are determined on a statistical basis by 

subtracting from the gross flight path a 

margin of .8%, .9% or 1.0% for airplanes 

with 2, 3 or 4 engines respectively. The 

resulting trajectory is referred to as 

THE NET FLIGHT PATH. 

K-2. REFERENCE SPEEDS 

Certain minimum criteria are laid down for 

the takeoff reference speeds* (Fig. K-3) 

ENGINE ... 
I 

I 
I 

'lmax I 
I 

.2 

2 ENGINES 

.3 I .4 
T W 

Fig. K-3. Example of a takeoff reference 

speed schedule for a twin-engine aircraft 

to ensure adequate safety and handling, 

particularly in the case of engine failure, 

minor mis-handling on the part of the pi

lot and atmospheric turbulence. 

*The nomenclature of several reference 

airspeeds in this section is simplified; 

for full det.ails the reader should refer 

to the airworthiness rules, particularly 

as regards v5 . 



As already mentioned in Section 5.4.4., 

THE STALLING SPEED VS can be approximated 

as follows: 

VS = y~ i (1.13/ CL (K-1) 

max 

where CL-max is the "physical" maximum 
lift coefficient, i.e. CL at the top of 

the CL vs. a curve, while the statistical 

factor 1.13 takes account of the speed 

loss in the FAA stall maneuver. 

THE MINIMUM CONTROL SPEED (in the air) VMC 

is the lowest airspeed at which it has 

proved to be possible to recover control 

of the airplane after engine failure with 
a bank angle of up to five deg. and take

off thrust (power). The broad requirement 

is that VMC must not exceed 1.2 VS with 
MTOW. For a specified pressure altitude 

and flap angle there is only one VMC' re
gardless of the weight. Hence, the ratio 

VMC/VS increases when the T/W ratio in
creases because of decreasing takeoff 

weight. 

In the project design phase an estimate of 

VMC may be based on wind tunnel measure
ments or statistical evidence (cf. Section 

9.6.1. and Table 9-3). 

There is also a minimum control speed on 
the ground below which the takeoff must 

always be aborted when engine failure oc

curs. This characteristic speed is gener

ally of minor importance for performance 

estimates in the preliminary design stage, 
provided the vertical tailplane size and 

rudder capacity are adequate. 

THE MINIMUM UNSTICK SPEED VMU is the air

speed at and above which it can be demon

strated by means of flight tests that the 

aircraft can safely leave the ground and 

continue the takeoff; VMU is usually very 
close to VS. In view of the required pos
itive gradient it may be a function of the 
T/W ratio. 

Alternatively, VMU may be determined by 
the geometry of the aircraft as the air

speed for which the fuselage tail scrapes 

the ground prior to liftoff. In view of 

the great influence of the ground proxim

ity effects, VMU is very difficult to es-

timate in the preliminary design stage. An 
attempt may be made to estimate the geome

try-limited VMU' using the CL-a curve with 
ground effect included. 

THE TAKEOFF SAFETY SPEED V2 is the air
speed obtained at the 35 ft height point. 

The broad requirement stipulates: 

(K-2) 

where V2min must not be less than 1.2 VS' 
except in the case of aircraft with four 

power units where the application of power 

results in a significant reduction of the 

one-engine-inoperative power-on stalling 

speed (in this case: v 2min = 1.15 Vsl· 
This requirement is intended to ensure an 

adequate safe climbout with the critical 

engine inoperative. v2 may be increased 

relative to the minimum values in order to 

improve the climb gradient with a failed 

engine ("overspeed"). It should be noted 

that during the airborne phase dV/dt must 
not be negative at any point. 
THE ALL-ENGINES SCREEN SPEED v 3 is the 

airspeed attained at the 35 ft height 

point with all engines operating. Since 

rotation of the airplane is initiated at 

VR' generally determined by the engine
out case, v3 is greater than v 2 by an a

mount depending on the T/W ratio. For in

stance, v 3 = v 2 + 10 kts (V2 + 5 m/s) is 

a typical value (not a requirement). 

THE LIFTOFF SPEED (or touchoff speed) VLOF 
is the airspeed at which the aircraft 

first becomes airborne. This speed is de
termined by the rotation speed VR and the 

piloting technique during rotation. Apos
itive climb gradient potential (out of 

ground effect) must be present at VLOF" 
THE ROTATION SPEED VR is the reference 
speed for the pilot at which he raises the 

nosewheel. The broad requirement is: 

(K-3) 

In addition, VR must be chosen such that 
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v 2 is reached at 35 ft, taking into ac

count the speed increment between VR and 

v 2 (~V). If the airplane is rotated at its 

maximum practicable rate of rotation, VLOF 

must not be less than 1.10 VMU in the all

engine operating condition, or 1.05 VMU in 

the one-engine-out case. 

At very low T/W ratios, VR and VLOF may be 

increased in order to obtain a positive 

climb gradient potential at VLOF*. However, 

when we have 

~CD < Y2 CL (approximately) 
uc min 2 

(K-4) 

it can be shown that the second segment 

climb requirement* is more critical. This 

is the usual condition. 

THE DECISION SPEED v 1 . The procedure ex

plained in Section K-1, leading to the 

BFL, results in a critical power failure 

speed Vx. The pilot will need time to rec

ognize the failure and to decide whether 

to abort or continue the takeoff. During 

this decision time (typically 1 secondfor 

a test pilot) the airplane accelerates to 

a speed, called the decision speed v 1 . 

However, once the rotation is initiated, 

the pilot must continue the takeoff when 

an engine fails, hence: v 1 ~ VR' while v 1 

must also be at or above VMC on the ground. 

For the aircraft in Fig. K-3 the interre

lation between the various characteristic 

speeds is depicted as a function of the 

T/W ratio, both for the all-engine case 

and the one-engine-out case. The following 

observations apply fairly generally to 

aircraft with adequate one-engine-out di

rectional control properties: 

a. For moderate T/W, v 2 is usually equal 

to V2min· The margin relative to VMC is 

generally not critical, provided the ver

tical tailplane design is adequate. 

b. For high T/W ratios (low weight) v 2 is 

determined by the required margin relative 

to VMC' and consequently v 2;vs, v3;v8 and 

the field length increase. This situation 

*An explanation and summary of the climb 

requirements can be found in Section 11.6.2. 
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is typical for a twin-engine aircraft 

with wing-mounted engines. 

c. For ~ery low T/W ratios (hot and high 

airfields) VR' VLOF and v 2 may be in

creased up to the point where v 2 equals 

the speed for maximum climb gradient, in 

order to meet the climb gradients require~ 

d. At a particular T/W ratio v 1 becomes 

equal to VR; for T/W ratios below this 

value, the one-engine-out takeoff is al

ways critical and thus the field length is 

not balanced. 

e. In practical takeoff calculations the 

engine-out case determines the reference 

speeds, particularly VR which is equal for 

both the all-engines and the one-engine

out case. It is therefore appropriate to 

analyze the engine failure case prior to 

the all-engines takeoff. 

K-3. PROCEDURE FOR DETERMINING THE TAKEOFF 

FIELD LENGTH 

In what follows it is assumed that the am

bient conditions (temperature, pressure 

altitude), aircraft weight and pos~tion of 

the high-lift devices are specified. Aero

dynamic data (lift curve, drag polar) are 

assumed to be known, as well as the effects 

of ground proximity on these characteris

tics. Runway gradients and wind effects are 

usually ignored in pre-design calculations. 

Steps 1 through 17 of the following proc

edure apply to the engine failure case, 

except when otherwise specified. Various 

methods of analysis are given in Section 

K-4. 

1. Calculate VS' V2min and VMC and the 

minimum allowable v2. 

2. Check the second segment climb gradient 

for V ; V2min by means of WAT curves (Sec

tion 11.6.2.). If necessary: increase v 2 

to the airspeed at which this requirement 

is satisfied. 

3. If even the climb gradient at the op

timum speed for maximum climb gradient 

Vymax is too low, reduce the flap deflec

tion angle, if possible, or the takeoff 



weight. 

4. Calculate the airborne distance (SA)N_ 1 
and speed increment (6 2V)N_ 1 for several 

values of VLOF" Ground effect, undercar
riage retraction initiated 3 seconds after 

liftoff, and extra drag due to engine 

failure must be taken into account (see 
Appendix G). 

5. Determine VLOF for which VLOF+(6 2VlN_ 1 
= v 2 and the corresponding air distance. 
6. Check the first segment climb potential 

(Section 11.6.2.) and increase VLOF and v 2 
if necessary. Alternatively, the flap an

gle may be reduced or the takeoff weight 

decreased, and the procedure is then 

started afresh. 

7. Calculate the speed increment (6 1VlN_ 1 
and distance travelled (SR)N_ 1 during ro

tation prior to liftoff and VR=VLOF-(6 1V~_1 
A normal rate of rotation is assumed. Make 
sure that VR has an adequate margin to 

VMC" Increase VR to 1.05 times VMC if nec
essary. 

8. Analyze the rotation phase for themax
imum practicable rate of rotation, both 

for the all-engines-operating and the en

gine failure case and make sure that VLOF 

has an adequate margin relative to VMU" 

If this is not so, increase VR. 

9. After the final choice of VR' the (nor

mal) rotation phase and airborne distances 

may be analyzed, resulting in final values 

of (SR)N-1' VLOF' (SA)N-1 and V2. 
10. Choose several values for Vx ~ VMC on 
the ground, e.g. Vx = 90%, 95% and 100% of 

VR. 
11. Determine the ground run from stand

still to vx (S0 _x) for all values of vx 
with all engines operating. 

12. Determine the ground run from Vx to 

VR (Sx-R) for all values of Vx with one 
engine inoperative. A realistic assump

tion should be made concerning the decay 
of thrust with time after engine failure. 

It is preferable to use the engine manu

facturer's data, if available. 
13. Determine the takeoff distance with 

engine failure at Vx: 

(K-5) 

for the chosen values of V and plot SN_ 1 
2* X 

vs. (Vx/Vsl • 
14. Determine the distance to come to a 

standstill from Vx: SSTOP" 
15. The accelerate-stop (emergency) dis

tance, 

(K-6) 

is computed for the chosen values of Vx 
2* and plotted vs. (Vx/Vsl • 

16. The intersection of SN_ 1 and SAS de
fines the criticcal power failure speed and 

the BFL (Fig. K-2). 

17. Calculate v 1 and make sure that v 1'vR. 
If this is not so, the condition of engine 
failure one second prior to VR determines 
the field length required with engine 

failure. 

18. Analyse the rotation phase in the all

engine takeoff, assuming VR equal to the 

one-engine-out case. The distance trav
elled is (SR)N' and VLOF follows from the 
speed increment (61V)N. 
19. Analyze the airborne phase in the all

engine takeoff. The distance travelled is 

(SA)N and the speed increment (6 2V)N. 
20. The factored takeoff distance is: 

(K-7) 

21. The takeoff field length required is 

the greater of the BFL and SN. 

K-4. METHODS AND DATA FOR THE ANALYSIS OF 
THE TAKEOFF 

The following methods are generally used 
in the preliminary design stage, when the 

data required are not sufficiently com

plete to warrant a detailed analysis. 

K-4.1. The ground run from standstill to 

vx 

The distance required to accelerate the 

aircraft from standstill to Vx is: 

*sN_1 and SAS vs. (Vx/Vsl 2 are almost 
linear relationships 
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0 

y dV 
a (I<-8) 

0 

Assuming the thrust vector and the runway 

to be horizontal, it can'be shown that: 

(I<-9) 

For an arbitrary relationship of engine 

thrust with speed, the integral in (I<-8) 

may be solved numerically. Numerous methods 

have been developed in the literature to 

simplify this process (e.g. Refs. I<-1 

through I<-13). A well-known approximation 

is: T = constant = T. In that case substi

tution of (I<-9) into (I<-8) results in an 
integral, which can be solved analytically: 

where a 

v 2 
X ! ln(-1-l a 1-a 

(1.13)CL 
max 

(K-10) 

2 

(~;) (I<-11) 

Coefficients of rolling friction are funda

mentally a function of tire.pressure and 

ground speed; good average values are: 

hard runways (concrete., tarmac): II .02 
hard turf, gravel II .04 
short, dry grass II .OS 
long grass II .10 
soft ground II .10 

to .30 
The mean thrust T is defined at a mean 
velocity given by Fig. I<-4. When the numer

ical procedure is used instead, the thrust 
lapse with speed is obtained from the en

gine manufacturer's brochure supplemented 

by a propeller diagram in the case of pro

peller-powered aircraft (cf. Section 6. 3. 2. ). 

Alternatively, Fig. 4-35 may be used for 

jet engines as a first approximation. The 

angle of incidence is assumed invariable 

during the ground roll for nosewheel air

craft and is specified by the three-point 

ground attitude. Note that during the roll 

CL and CD are affected by the ground effect. 
For tailwheel aircraft an optimum attitude 

is defined by the condition that the accel-

580 

NOTE 

Vmean = speed at which the mean thrust should be 

calculated for distance estimation using 

constant thrust during the takeoff run 

Fig. I<-4. Mean speed for estimating the 
distance required to accelerate from a 

given initial speed to a given final speed 

eration has a maximum when: 

for CL 
G 

1 2 
CD - 4" II 11Ae 

0 

1 '2 II 11Ae 

(I<-12) 

The ground effect can be estimated from the 

data given in Appendix G, Section G-7. 

I<-4.2. The ground run from Vx to VR 

A precise analysis of the motion of the 

aircraft after engine failure is compli

cated by several factors which affect the 
variation of external forces with time 

(see Fig. K-5). 
a. Immediately after engine failure, the 
thrust decays in a finite time (typically 

4 seconds) to zero or idling thrust. 

b. Engine failure causes windmilling drag 

of the dead engine and extra drag due to 
the asymmetric flight condition. Additional 

drag is also created in the rotation and 
flare maneuvers, and this is considerably 

affected by the piloting technique. The 

download on the tailplane must be compen

sated for by extra wing lift, resulting in 

increased induced drag. The ground effect 

gradually decreases after liftoff; hence 

the induced drag increases. Retraction of 



-TIME 

Fig. K-5. Forces on the airplane during the 

takeoff with engine failure 

the undercarriage, initiated 3 seconds af

ter liftoff, results in another drag vari

ation. 

c. Ground friction drag is related to the 

lift and vanishes at liftoff. The calcu

lated total force component in the direc

tion of the flight path has an irregular 

shape, but the variation may not be ob

served in practice due to the dynamic char

acter of the motion. 

d. Another complication is that, especially 
on large aircraft, the motion of the lowest 

point, and not just the center of gravity, 

must be observed. During the rotation phase 

prior to liftoff, and immediately after, a 

check should be made to see whether the 

fuselage tail has adequate clearance to the 

ground. When the screen is passed, the to

tal height gain of the e.g. during the air

borne phase may be considerably more than 

35 ft for large aircraft. 

Equation (K-8) applies to the acceleration 

phase from Vx to VR, provided the integra

tion is carried out from Vx to VR. The 
following analytical expression can be used 
instead of a numerical procedure: 

v 2 
S = x l ln[ 1-a I x-R · a 2 

2g(T/W-~) 1-a(VR/Vx) 
(K-13) 

It is noted that T and "a" have different 

values from the previous case, due to the 

thrust reduction and drag increment after 

engine failure. The velocity for which T 
is to be determined can be obtained from 

Fig. K-4. 

K-4.3. The rotation phase 

Assuming the mean rate of rotation about 

the lateral axis equal to (d8/dt)R and the 

mean acceleration along the runway conser

vatively equal to the value at liftoff, we 

have: 

S = 1 ( ) "'LOF - "'G 
R 2 VR + VLOF (d8/dt)R (K-14) 

(K-15) 

In view of the short duration of the rota

tion phase (2 to 4 seconds), this simple 

approximation will be acceptable in the 

pre-design stage. Typical values for 

(d8/dt)R are quoted in Section 10.3.1. The 

liftoff angle of attack is found from the 

CL-et curve in proximity to the ground. 

K-4.4. The airborne phase 

A detailed study of a particular takeoff 

problem will usually involve a numer1cal 

calculation of the step-by-step type, as

suming a control law for the lift coeffi

cient, the angle of attack or pitch, or 

the elevator deflection. The problem with 

these methods is to define an adequate 

control law, which usually has to be based 

on previous experience with similar types 

of aircraft. 

Many attempts have been made to develop 

analytical methods for simple control laws, 

such as taking CL = constant or assuming 

the flare-up to be a circular arc with 

n = L/W = constant. We shall quote two re

presentative examples here: 

a. The AGARD Flight Test Handbook method 

(Ref. K-9), where the equations of motion 

are linearized and solved analytically for 
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CL = CL-LOF + 6CL = constant and (T-D) = 
constant . The flare becomes a sector of a 

phugoid for this particular case . Themeth

od gives the height, speed and distance 

travelled vs. time after liftoff. However, 

the guidelines for choosing 6CL are not 

very practical for civil aircraft. The au

thor's experience is that the airborne 

distance is reaso nably well predicted for 

6CL/CL-LOF = 0 to . 05 for the N-1 takeoff, 

and for 6CL/CL-LOF = . 10 to .15 whe n all 

engines are operating. 

b. The method developed by Perry (Ref. K-

12) uses a constant rate of pitch after 

liftoff: (d8/dt)A . The equations of mot ion 

are linearized by assuming V = constant 

and (T-D) = constant. The advantage of this 

method is that the control l aw is repre

sentative for practical civil aircraft 

piloting techniques , while - contrary to 

CL - the pitch angle can be directly ob

served. As the speed increment after lift

off is ignored in solving the equation of 

motion normal to the flight path, the shape 

of the flare-up may not be realistic for 

high T/W ratios. 

The method devised by Perry may be summa

rized as follows: 

1. The airborne distance is composed of a 

flare-up, during which the flight path an

gle y is increased f r om zero* to y 2 a t v2 
(or y 3 at v3 J and a phase with constant 

climb a n gle r 2 or y 3 . 

2. The height gain after liftoff is given 

by: 

2 

h = 
VLOF T-D F (8) F(h) 

g w 
\ 

(K-16) 

where 

F (8) 1 + 
VLOF w 1del 
2"9 T-D n 

(). dt A 
(K-17) 

and 

*The actual climb angle of the e.g . at 

liftoff is of t he order of a half to one 

degree, due to the extension of the under

carriage and rotation. 
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dCL/ da 
-e--

LL OF 

(K-18) 

In these equations (d8/dt)A is in rad/sec 

and.dCL/da is in rad- 1 . F(h ) is a non-di

mensional height function, reproduced in 

Fig. K-6. The mean value of (T-D) may be 

4 .6 .8 ID 1.5 20 
gs/vto, 

Fig. K-6. The functions F(h) and F(y) used 

in Perry's method for the analysis of the 

airb~rne path (Derived from Ref. K-12) 

taken as being halfway the airborne dis

t a nce . A provisional assump t ion may be made 

f o r (d8/dt)A' for ins tance 1°/ s e c (d8/dt = 

.018) for the case with e ngine failure, or 

2°/sec (d8/ dt = .035) for the all-engine 

case. 

3. The climb angle during the transition is 

given by: 

dh T-D 
y = dS = W F (S) F(y) (K-19) 

where F(y) is a non-dimensional flightpath 



angle function depicted in Fig·. K-6. 

4. The end of the transition is defined by 

F(y) 
T D F(8) --w 

(K-20) 

In the all-engine case y 3 is used instead 

of y 2 . Using Fig. K-6 both the height and 

distance travelled at the end of the flare

up are found from this condition. If this 

height is less than hto = 35 ft (10.7 m), 

an additional phase must be added with 

climb angle y 2 or y 3 . If the takeoff height 

is reached before the end of the transi

tion, F(h) is found by substitution of hto 

into (K-16) and the airborne distance is 

obtained from Fig. K-6. 

5. A check on (d8/dt)A can be made by as

suming that during the flare-up the pitch 

angle 

pitch 

(de) 
dt A 

increases linearly from aLOF to the 

angle at v 2 in stationary flight: 

VLOF [av2 -aLOF + Y2) 
(K-21) 

For the all-engine case v 3 and y 3 are used 

instead of v 2 and y 2 . 

6. The speed increment after liftoff is ob

tained from the energy equation: 

(K-22) 

where h and S are the height and distance 

travelled after liftoff at the end of the 

flare-up, or at the 35 ft (10.7 m) height 

point, whichever is less. It should be 

noted that y 2 and y 3 can only be calculated 

when v 2 and v 3 are known. The calculation 

is therefore iterative. 

K-4.5. The stopping distance 

The velocity after engine failure is de

picted in Fig. K.-7 as a function of time. 

Initially an appreciable overshoot is ob

served due to the still considerable thrust 

of the inoperative engine immediately af

ter failure. Time delays are necessary to 

allow for failure recognition and decision 

(1 second) and subsequent operation of the 

>,_ 

~ 
> 

t 

Fig. K-7. Time history of the airspeed 

during the takeoff 

wheelbrakes, throttle closure, lift dumpers 

and airbrakes. 

Integration of the velocity yields the e

mergency brake distance 

dV 
a/g 

(K-23) 

where 6t is approximately 3 to 4 seconds. 

In Fig. K-1 Vx 6t is referred to as the 

inertia distance. 

In principle, the equation of motionduring 

braking is similar to (K-9) for the accel

eration phase. However, consideration must 

be given to the fact that the retarding 

ground force mainly acts at the main under

carriage, as the nosewheel is usually not 

provided with brakes. 

The deceleration during the steady braked 

roll can be derived from the conditions of 

equilibrium (Fig. K-8): 

Fig. K-8. Forces on the aircraft during 

the braked roll 
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horizontal forces: 

0 (K-24) 

forces normal to the runway: 

L - W + N1 + N2 = 0 (K-25) 

and the moment about point A: 

W jlb- (xucxcg)l - L jlb- (xuc-xcp) 1-
W ( dV) --- h +Dh -Th-Nl =0 g dt cg cp T 1 b (K-27) 

In the absence of nosewheel braking we 

take ~ 1 = ~ and ~ 2 = 0, resulting in the 

following expression for the deceleration: 

~=-dV/dt=A ~ 
g g 1 

(K-28) 

where 

lb-(xuc-x~ lb+~ h 
A = A = CE 

"' 1 lb +~ hcg 2 lb+~ h cg 

A = 
lb- (xuc -xcE) 

A4= 
lb+p hT 

3 lb +~ h lb+~ h cg cg 

If brakes are also present on the nose

wheel, having the same braking effective

ness as those on the ma.i.n u. c., A1 through 

A4 are equal to 1. Some data for calculat
ing the stopping distance are given below. 

a. The friction coefficient ~. 
1. The tyre-to-runway friction during 
braking is a function of the slip ratio, 

i.e. th~ relative velocity of the tire rel-

.4 

.2 

I 
TIRE PRESSURE -PSI (KG /CM1) 

50(3.5) l 
100 (7) 

200(14) 

ICY SURFACE 

0~~~~~~~~~ 
0 20 40 60 80 100 120 

GROUND SPEED - KTS 

a. Typical braking coefficients of friction 

Fig. K-9. Some data on braking performance 

50 percent of ~max (hence~~ .35) in view 
of his inability to maintain the optimum 

slip ratio. For this reason, anti-skid de

vices based on mechanical or electronic 

pressure control systems have been devel

oped. Their effectiveness may .be expressed 

in the form of an efficiency factor: 

-~
~max 

(K-29) 

Fig. K-9b presents typical values for nb' 

1.0 

'Tl.b 
.S __ PR_A_CT_IC_A_L _L_IM_IT_ -- _ 

.8 

ative to the ground*. The maximum friction .7 
occurs at an optimum slip ratio and is de-
pendent mainly upon the runway surface 

condition and contamination, tire pressure .6 
and the type of tread design. Typical 

curves for ~max vs. ground speed are pres-
ented in Fig. K-9a for several runway con-

ditions. 
2. The average pilot can achieve only 30 to 

*A precise definition and background in

formation can be found in Ref. K-31 
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although in practice wide variations will 

be found. The simple, first-generation 

anti-skid systems based on the on-off 

principle achieve low values of nb' of 

the order of .5 to .6 at low ~max (wet 

runways). Adaptive brake pressure control 

systems boost this performance considera

bly, and the most recent systems have a 

value of up to nb = .9, almost independent 

of the runway condition. 

3. Brake effectiveness is reduced by var

ious dynamic effects such as normal load 

variation, undercarriage vibration and 

suspension effects. These may reduce nb 

by up to 20% (Ref. K-31). 

4. The total torque obtainable from all 

brakes (Qmax) forms a limiting factor at 

low ground speeds on dry runways, when ~ 

is very high. To ensure passenger comfort 

during normal braking the maximum torque 

is usually so designed that decelerations 

will not exceed .5 to .6 g during a maxi

mum braking effort. On light aircraft and 

small passenger transports a typical val

ue for Qmax results in a wheel braking 

force of .35 W at zero ground speed. 

5. A very large amount of heat is devel

oped during braking and the brakes and 

tires may become very hot. A limit is set 

to the maximum heat sink capacity, which 

may have different values for various op

erating conditions (e.g. normal brakingor 

emergency praking). 

The effective friction coefficient may be 

obtaineu by taking the least of the follow

ing: 

~ = • 85 nb ~max 

and (K-30) 

where rt is the radius of the deflected 

tire, which is a function of the tire load. 

In view of these characteristics, it may 

be generally observed that at low ground 

speed ~ increases with speed - N1 decreases 

and rt increases, but less rapidly -while 

at high ground speeds the available fric

tion is critical and decreases with speed, 

particularly on wet runways. 

b. Engine thrust during braking. 

The operational program for manipulating 

the thrust must be chosen in accordance 

with the airworthiness rules. The FAR 25 

requirements do not allow thrust reversal, 

and idle forward thrust is assumed in this 

case. British rules allow the use of re

verse thrust under certain conditions, but 

the failed engine will cause asymmetry and 

in the pre-design stage it is wise to be 

conservative and neglect the reverse 

thrust in performance estimation. 

c. Aerodynamic properties. 

The deflection and effectiveness of the 

high-lift devices, the effect of ground 

proximity, the design and operation of 

lift dumpers (ground spoilers) and reverse 

thrust - particularly for propeller air

craft - are all factors affecting the lift 

and drag coefficients. In the absence of 

aerodynamic data on spoilers, their effect 

may be assumed to be equivalent to an in

crement in the mean deceleration of .08 

to . 10 g. 

A simple solution of (K-23) can be obtained by 

taking 11 = lleff constant and T = 0. The result 

is as follows: 

v 
X .!_1n(-1-) +V L\t 

2g A1 ~eff a 1-a x 
(K-31) 

where a (K-32) 

An even simpler solution is found when the decel

eration during braking is assumed constant: 

v 
SSTOP = __ x_ + V L\t 

2aSTOP X 
(K-33) 

The highest values obtainable for aSTOP are typi

cally: 

. 55g - dry runway, maximum effort, ignoring pas

senger tolerance, 

.35g - wet runway, modern braking with anti-skid, 

lift dumpers, reverse thrust, 

.lSg - wet runway, simple braking; or flooded run-
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way, reverse thrust, 

while ~t is approximately 3~ seconds. 

REFERENCES 

Analysis of takeoff performance 

K-1. W.S. Drehl: "The calculation of takeoff rW1". NACA Technical Report No. 450, 1932. 

K-2. B. G6thert: "Der Abflug von Landflugzeugen mit besonderer BerU.cksichtigung des Uebergangsbogens". 

Jahrbuch 1937 der Deutschen Luftfahrtforschung. 

K-3. J.R. EWans and P.A. Bufton: "Note on a method of calculating takeoff distances". RAE Technical Note 

Aero 880 (ARC 4783), 1940. 

K-4. W.R. Buckingham: "A theoretical analysis of the airborne path during takeoff 11 • Aircraft Eng., Jan. 

1958, pp. 5-8. 

K-5. D.J. Kettle: "GroWld performance at takeoff and landing". Aircraft Eng., Jan. 1958, pp. 2-4. 

K-6. A.D. Edwards: "Performance estimation of civil jet aircraft11 • Aircraft Eng. 1950, pp. 70-75. 

K-7. Anon.: "Estimation of takeoff distance". R.Ae.S. Data Sheet 11 Performance 11 EG 5/1, 1952. 

K-8. G. E. Rogerson: "Estimation of takeoff and landing airborne paths". Aircraft Eng., Nov. 1960, pp. 

328-330. 

K-9. F.E. Douwes Dekker and D. Lean: "Takeoff and landing performance". AGARD Flight Test Manual, Vol. 1, 

Chapter 8. Pergamon Press, 1962. 

K-10. L. Bournet: "Estimation de la longueur de roulement au d~collage, Wl probleme simple parfois meconnu 

Technique et Science Aeronautique, 1967, pp. 213-222. 

K-11. A. R. Krenkel and A. Salzmann: "Takeoff performance of jet-propelled conventional and vectored-thrust 

aircraft". J. of Aircraft, 1968, pp. 429-436. 

K-12. D.H. Perry: "The airborne path during takeoff for constant rate-of-pitch manoeuvres". ARC CP No. 

1042, 1969. 

K-13. Anon.: "Estimation of takeoff distance". ESDU Data Sheets "Performance 11 EG 5/1, 1971/1972. 

K-14. J. Collingbourne: "A digital computer program (EMA) for estimating aircraft takeoff and accelerate

stop distances". RAE Tech. Memo Aero, 1252, 1970. 

K-15. D.H. Perry: "A review of methods for estimating the airfield performance of conventional fixed wing 

aircraft". RAE Tech. Memo Aero 1264, 1970. 

K-16. J. Williams: "Airfield performance prediction methods for transport and combat aircraft 11 • AGARD 

Lecture Series No. 56, April 1972. 

K-17. R.N. Harrison: "Takeoff and climb characteristics". Short course on aircraft performance estimation, 

Cranfield Institute of Technology, Feb. 1973. 

Braking friction, water, snow, slush and ice on runways 

K-18. J.W. Wetmore: "The rolling friction of several airplane wheels and tires and the effect of rolling 

friction on takeoff". NACA Technical Report No. 583, 1973. 

K-19. E.C. Pike: "Coefficients of friction". J. of the Royal Aero. Soc., December 1949. 

K-20. M.N. Gough, R.H. Sawyer and J.P. Trant: "Tire-runway braking coefficients". AGARD Report 51, Feb. 

1956. 

K-21. W.B. Horne, U.T. Joyner and T.J.W. Leland: "Studies of retardation force developed on an aircraft 

tire rolling in slush or water". NASA TN D-552, Sept. 1960. 

K-22. J.A. Zabovchik: 11Ground deceleration and stopping of large aircraft". AGARD Report 231, Oct. 1958. 

K-23. W.B. Horne and J.W.L. Tafford: "Influence of tire tread pattern and runway surface conditions on 

braking friction and rolling resistance". NASA TN D-1376, Sept. 1962. 

K-24. G. Ciampolini: "A method of evaluating runway friction for the prediction of actual takeoff rWls". 

586 



AGARD Report 418, 1963. 

K-25. H.R. Herb: "Problems associated with the presence of water, slush, snow and ice on runways 11 • AGARD 

Report 500, 1966. 

K-26. R.L. Maltby and H.W. Chinn: 11 Effects of slush on takeoff". Shell Aviation News, No. 296-1963, pp. 

8-11. 

K-27. T.G. Foxworth and H.F. Marthinsen: "Another look at accelerate-stop criteria". AIAA Paper No. 69-772. 

K-28. L.S. McBee: "Effective braking- a key to air transportation progress''. SAE Paper No. 640376. 

K-29. E.G. Wilkinson: ''Lift-dump system shortens landing roll on ice rWlways". Space/Aeronautics, Oct. 

1969, pp. 73-75. 

K-30. J. T. Yager: "A comparison of aircraft and ground vehicle stopping performance on dry, wet, flooded, 

slush, snow and ice-covered runways 11 • NASA TN D-6098, 1970. 

K-31. Anon.: "Frictional and retardation forces on aircraft tyres 11 . ESDU Data Sheets No. 71025, 71026 and 

72008. 

K-32. J.T. Yager, W. Pelham Phillips and P.L. Deal: 11 Evaluation of braking performance of a light, twin

engine airplane on grooved and ungrooved pavements 11 • NASA TN D-6444, 1971 . 

K-33. J. L. McCa:r;thy: 11Wear and related characteristics of an aircraft tire during braking". NASA TN D-

6963, Nov. 1972. 

STOL - takeoff performance 

K-34. P.L. Sutcliffe, V.K. Merrick and A.R. Howell: 11Aerodynamics and propulsion of minimum field air

craft11. Proc. 8th Anglo-American Aeron. Conf., 181-232, London, 1961. 

K-35. J. Hamann: 11Contribution a la definition d'un avian leger STOL". Jahrbuch 1965 der WGLR, pp. 133-140. 

K-36. F.H. Schmitz: "Takeoff trajectory optimization of a theoretical model of a STOL aircraft". AIAA 

Paper No. 69-935. 

K-37. D.O. Carpenter and P. Gotlieb: 11 The physics of short takeoff and landing (STOL)", AIAA Paper No. 

70-1238. 

K-38. R.K. Ransone: 11 STOL definition and field length criteria". AIAA Paper No. 70-1240. 

587 



Index 

Accelerate-stop distance, 167, 168, 575, 579 
Accelerated climb, 375, 379 
Accommodation, 63, 68 
Acoustic 

fatigue, 51 
lining, 179 
treatment, 130 

Acrobatic (category), 20, 271 
Activity Factor, 192, 202, 203, 204 
Adaptive brake pressure control, 585 
Additional lift (distribution), 473, 493 
Advance ratio, 191, 194 
Aerodynamic center, 57, 208, 232, 317, 437, 441, 

476, 477, 479, 480, 481, 542 
Aeroelastic effect, 218, 251, 306, 316, 469, 540 
Aft-fan, 116 
Afterbody drag, 66, 503 
Agricultural aircraft, 25, 197 
Aileron, 234, 236, 257 

control, 232 
control power, 231 
deflection, 332 
design, 257, 332 
high-speed, 257 
reversal, 218, 257 

Air(borne) distance, 167, 170, 575, 579, 582 
phase, 581 

Air 
maneuver time, 385 
mass flow, 563, 565, 568 
Navigation Regulations, 22 
spring, 360 
supply, 213 
Taxi Operator, 22 
Traffic Control, 159 

Airbrake, 258, 377 
Airconditioning, 62, 67, 69, 93, 194 

group weight, 292 
system, 110, 126, 213, 343 

Aircraft 
category, 20 
design and development, 
growth, 186, 226 
Prepared for Service, Items, 269 

Weight, 270 
project design, 

Aircushion, 343 
Airduct, 449 
Airfield performance, 14, 172, 173, 217, 219, 233, 

380, 381 
Airflow capacity, 289 
Airfoil, 206, 231, 251, 438 

chord, 437, 530 

Airfoil {continued) 
(nose) geometry, 231, 250, 257, 436, 437, 471, 

548 
section, 143, 218, 228, 229, 237, 241, 243, 249, 

327, 339, 436, 450, 499, 543 
selection, 237 
shape, 191, 236, 327 

Airframe 
services and equipment, 9, 16, 268, 269, 286, 

297. 300 
installations, drag due to, 417 
structure, 268, 269, 277, 278 

Airfreight, 80, 81, 82, 84 
Airworthiness regulations/requirements, 6, 19, 81, 

160, 169, 227. 268, 275, 373, 378 
Aisle, 38, 67, 71, 76 
Alighting gear group, 282 
All-engines screen speed, 577 
All flying tail, 327 
All-Up Weight, 174, 219, 223, 225, 226, 271, 293 
Anderson's method, 238, 473, 474, 493 
Angle of attack, 191, 192, 205, 208, 228, 229, 231, 

232, 242, 247, 350, 440, 443, 450, 477, 547 
Angle of attack 

critical, 228, 229, 231, 355, 450, 459, 547, 549 
for maximum lift, 228, 229, 231, 252, 256 
for zero lift, 239, 437, 443, 470, 475, 529 

Anhedral (angle of), 258, 259, 439 
Anti-balance tab, 315, 327 
Anti-icing, 194, 262, 293 

group weight, 292 
Anti-shock body, 241 
Anti-skid system, 584, 585 
Anti-spin fillet, 339 
Approach 

climb, 379 
configuration, 155, 379 
glide, 234, 381, 179 
speed, 15, 170, 381 

Aquaplaning, 359, 360 
Area of vision, 89 
Area rule, 6, 67 
A-series airfoil section, 239 
Aspect ratio, 53, 56, 57, 143, 148, 155, 160, 171, 

180, 208, 217, 218, 222, 225, 229, 232, 233, 
234, 235, 236, 240, 251, 326, 332, 339, 439, 
555 

Asymmetry, thrust/power, 44, 184, 333, 555, 556 
ATA-method, 383, 384 
Atmospheric properties, 223, 571, 572 
Autopilot, 259, 283, 331 
AuxiLiary 

flap, 532, 533, 534 
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Auxiliary (continued) 
inlet doors, 207 
Power Unit, 62, 183, 213, 288, 289, 397 

Avionics, 289, 397 

Balanced Field Length, 167, 169, 176, 183, 575 
Balancing 

aerodynamic, 313, 314 
tab, 307, 315, 327 

Ballast, 3 54 
Bank, angle of, 332, 350, 352 
Base drag, 150, 491, 503 
Baseline configuration, 18, 145 

design, 7,8 
development, 5, 6, 8, 18 

Basic 
Empty Weight, 267, 269, 270 
lift (distribution), 473, 474, 493 
Operational Weight, 270 
Weight, 270 

Baulked landing, 379 
BCAR, 19, 22, 23, 25 

1 Beaver tail, 87, 93 
Belly, 82 

flattening, 37, 38, 67, 71, 73 
freighthold, 79 

Bernoulli's equation, 242, 246 
Beta control, 137, 190, 191, 195, 198, 199 
Birdproof windshield, 25 
Bladder tank, 448 
Blade angle control, see Beta control 
Bleed air, 126, 190, 194, 289, 377, 563 
Blister drag, 514 
Block 

speed, 12, 13, 375, 384 
time, 158, 378, 385 

Boattail drag, 504, 507, 508 
Booster engine, 130 
Boundary layer·, 66, 88, 149, 208, 255, 368, 369, 

490. 497. 498 
control, 252 
laminar, 229, 239 
separation, 153, 208, 231, 368, 369, 490 
transition, 451, 499 
turbulent, 145, 229, 231 
velocity profile, 497 

Bound vortex, 551, 552 
Box beam wing structure, 260, 261, 395 
Braced wing, 36, 233, 281, 453 
Brake, 54, 210, 342, 358, 359, 538 

energy, 359 
Horse Power, 103 
Mean Effective Pressure, 103 
pressure control, 169, 585 

Braking, 68, 343, 382 
coefficient of friction, 579, 584, 585 
thrust of propeller, 213 

Brayton cycle, 113 
Break even load factor, 382 
Breguet's range equation, 145, 157, 159 
Bubble, 229, 230, 231, 535 
Buffet, 158, 218, 225, 228, 232, 243, 245, 249, 

373 
boundary, 225, 245, 246, 249 
margin, 219, 246, 249 
onset, 225 
penetration, 225, 245 

Bulkhead, 74, 87, 395, 396 
pressure, weight of, 462 

Bullet (weight), 281 
Buried engine, 42, 46, 48, 57, 151, 206, 395, 516 
Business aircraft, 76 
Butterfly tail, 51 
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Bypass 
engine, 99, 112, 116, 133 
ratio, 117, 120, 125, 129, 132, 133, 134, 171, 

183, 207, 565, 566 

Cabin 
arrangement, 15, 80, 390 
attendant, 81, 92 
design, 69 
dimension, 71, 74, 76, 77 
door, 76, 78, 87, 205 
floor, 37, 68, 71, 73, 377 
furnishing, 71, 75 
layout, 74, 297, 300 
noise, 68, 204 
passenger, 67, 68, 71, 79, 80, 81, 82, 84, 397 
pressure (differential), 6, 68, 71, 78, 87, 374, 

459 
rate of climb/descent, 375, 377 
volume, 69 
wall thickness, 68, 71 

California Bearing Ratio, 344 
Camber, 87, 248, 436, 437, 471, 541 

rear fuselage, 87, 94, 479, 504, 505 
tailplane, 326, 327 
wing, 222, 238, 239, 244, 250, 252, 492, 549 

Canard aircraft, 56, 58, 306 
Cancellation speed, 210, 382 
Canopy drag, 513 
Cantilever 

ratio, 235, 236, 251, 281 
wing, 233, 236, 280, 453 

Capacity payload, 12, 17, 266, 272 
Carbureted engine, 106 
Cargo, 67, 18, 82, 84, 298, 299 

aircraft, 67, 81 
compartment/hold, 69, 72, 73, 78, 79, 205, 299, 

300, 397 
loading, 67, 78, 298, 382 
weight/density, 79 

•Category II operation, 22 
Ceiling, 87, 378 

absolute, 378 
service, 162, 185, 378 

Center of gravity 
determination, 275, 296 
limit, 294, 296, 298, 299, 

326, 330 
location, 59, 68, 79, 184, 

258, 268, 272, 275, 294, 
306, 309, 320, 326, 351, 

311, 312, 313. 320, 

209, 213. 227. 232. 
296, 297. 299, 300, 
356, 468, 581 

travel (shift, variation), 44, 45, 79, 207, 297, 
299, 300, 302, 313, 326, 327 

Center of pressure, 231, 236, 437, 492 
Certification, 4, 21, 52, 213, 227, 245, 271 
Chord (length), 206, 237, 436, 437, 439, 475, 499, 

537. 544, 548 
extension, 256, 530, 532, 533, 534, 541 

Circumference, 446 
Clearway, 575 
Climb, 67, 191, 237, 375, 378 

angle of, 378, 379, 582 
gradient, 154, 155, 160, 164, 169, 176, 251, 252, 

380, 381, 577, 578 
rate of, 160, 375, 378, 379 
requirements, 160, 162, 163, 233, 251, 252, 378, 

379. 380. 381, 578. 579 
Cockpit, 62, 64, 67, 71, 84, 87, 88, 205, 300, 513 

bulkhead weight, 462 
controls weight, 283 
_window, 89 

Combined passenger/freight transport, 68, 297 
Comfort, 63, 68, 69, 73 



Commuter aircraft, )0, 73, 75 
Compound enqine, 105, 110 
Compressibility, 237, 241, 242, 316, 373 

draq, due to, 152, 249 
effects, 99, 152, 192, 226, 241, 247, 251, 306, 

:316·, 370, 372, 374, 469, 476 
COmpression (ratio), 102, 108, 243, 244, 564, 566 
Compressor, 114, 129, 194, 207, 564 

axial, 122, 137 
centrifug-al, 104, 122, 137 
entry (face), 46, 563 
exit, i34, 563 
pressure ratio, 114, 11'7, 122, 125, 133, 135 

Conceptual desiqn phase, 4, 5, 6, 241, 265 
Config-uration 

aircraft, 4, 5, 16, 28, 30, 68, 71, 217 
development, 4, 5, 25, 390, 528 
selection method, 144, 145, 275 

Constant speed propeller, 134, 191, 195, 196, 197, 
198 

Container, 79, 82, 84, 85, 87, 291 
Control 

capacity, 324, 325 
feel, 307 
force, 311, 313, 314, 315, 316, 327 
law, 381, 581, 582 
manual, 307, 310, 313, 326 
surfaces, 228, 517 
system, 205, 228; 229, 236, 305, 307, 313, 315, 

327. 330 
wheel, 89, 258 

Control Confiqured Vehicle, 307, 324 
:ontrollable 

pitch propeller, 195 
stabilizer, 324, 327 

Convertible enerqy, 114, 125, 564 
Cooling-

air, 81, 205 
draq, 515, 516 

Cost, 82, 375, 382, 383, 385 
Direct Operating-, 15, 82, 158, 178, 180, 185, 

219, 382, 383, 384, 387, 399 
- economical cruise, 158, 387 
enqine, 100, 120, 135, 185, 187, 387 
fuel, 82, 158, 384 
Indirect Operating-, 178, 382, 383 
Maintenance, 342, 382, 383, 384, 385 
Operating-, 12, 15, 63, 69, 265 

Count, 148, 490 
Cowling- draq, 506, 507 
Crescent wing, 249 
Crest, 243, 244 
Crew, 81, 82, 87, 93, 205 
Critical 

enqine, 331, 333 
Mach number, 153, 236, 237, 239, 241, 242, 247, 

372 
Power Failure Speed, 575, 579 

Crossflow (draq), 476, 501, 504, 505, 510 
Cross-section, 34, 63, 66, 67, 68, 69, 71, 74, 75, 

78, 79, 87, 94, 397, 446, 479 
Crosswind landing, 338, 343, 349, 352 
cruise, 66, 106, 120, 121, 191, 219, 224, 234, 237 

altitude, 158, 201, 219, 222, 223, 224, 125, 245, 
246, 482 

configuration, 148 
distance, 378 
fuel (consumption), 153, 158, 174, 219, 377 
performance, 153, 219, 224, 246, 373, 375, 377 
power (ratinq), 104, 158, 234 
procedure, 157, 377 
speed, 66, 67, 158, 197, 219, 234, 241, 245, 374, 

378, 387 
Cycle, 119, 120, 186, 563, 568 

Cylinder, 107, 110, 515 

Damping-, 234, 311, 318, 321, 322, 343, 396 
critical, 318 
cyclic, 318 
(moment) in pitch, 319, 321 
ratio, 319 
of spinning motion, 339 

Decision speed, 168, 184, .576, 578 
Deep stall, 45, 53, 208, 227 
De-icinq, 194, 272, 293 
Delivery Empty Weiqht, 270 
Density of load, 69, 79, 82, 83, 84, 275 
Descent, 68, 377 
Desiqn 

Cruising- Mach number, 76, 373, 374 
cruising- Speed, 13, 131, 176, 373, 374, 453 
ui·cinq Mach number, 232, 237, 2451 .•327, 374 
Divinq Speed, 25, 78, 281, 374 
initial baseline, 5, 7, 18, 367, 390, 394 
point (performance), 120, 122 
process, 16, 19 
project, 399 
Takeoff Weiqht, 271 
Weiqht (Minimum), 271, 272, 453 

Detail desiqn, 4, 5, 266 
Diederich's method, 473, 474, 493, 501 
Dihedral (anqle of), 39, 258, 259, 327, 338, 355, 

439 
Direct 

drive engine, 106 
Lift Control, 258 

Directional (static) stability, 331, 335 
Disposable load, 271· 
Domestic flight operations, 75, 81, 376 
Door, 74, 87, 291, 395, 460 

freiqht, 64, 67, 79, 84, 86, 87, 299 
passeng-er (cabin), 76, 78 
(rear) loading-, 63, 299 
service, 78 
weiqht, 87, 460, 461, 462 

Dorsal fin, 332, 339 
Double 

bubble fuselag-e, 67, 68, 79, 448 
hinqed rudder, 335 
slotted flap, 253, 254, 255, 527, 532, 533, 541, 

544 
Downwash, 40, 53, 208, 209, 232, 317, 477, 482, 

490, 509, 511, 546, 547 
Drag, 63, 64, 65, 66, 68, 87, 95, 206, 234, 237, 

370, 399 
area, 148, 241, 490, 498 
breakdown, 148, 368 
coefficient, 63, 64 , 222, 270, 278, 368, 377, 

490, 500, 502 
component, 489 
creep, 153, 372 
- critical Mach number, 153, 158, 208, 242, 246, 

492 
- divergence Mach number, 242, 243, 244, 246, 

248, 249, 251 
minimum, 62, 63, 71, 73, 160, 222, 223, 370 
polar, 148, 153, 370, 371, 372, 377, 490, 499, 

527. 544 
rise, 153, 243, 244, 245, 372 

Dutch roll, 258, 331, 338 
Dynamic pressure, 62, 128, 224, 317, 497 

Economic 
performance, 271, 373, 399 
Regulations, 22 

Economy, 68, 74, 241, 399 
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Economy (continued) 
class, 73 
criteria, 382 
operating, 68, 382 

Effective Perceived Noise Decibel, 180 
Efficiency, engine (component), 117, 120, 568 
Electrical system, 67, 213 

weight, 289 
Electronic system, 67, 267, 289 
Elevator, 38, 294, 324, 327 

control, 227, 228, 308 
deflection, 310, 313, 315, 327, 371 

Elliptical wing lift, 368, 492, 493, 509, 545 
Emergency 

braking, 380, 585 
distance, 575, 579 
equipment, 291 
exit, 38, 67, 73, 76, 77, 78, 93, 273, 395 
power supply, 213 

Empennage, 50, 63, .66, 173, 217, 306 
Empty 

Tank Weight, 270 
weight, 45, 57, 68, 147, 184, 226, 251, 267, 270, 

275, 276 
Energy absorption, 357, 360 
Engine 

accessories, 194, 285, 286 
configuration, 123, 155 
failure, 40, 167, 168, 169, 184, 185, 191, 209, 

210, 227, 228, 331, 332, 378, 379, 380, 528, 
576, 578 

failure, drag due to, 155, 335, 372, 553, 555, 
556, 579 

growth, 186, 204 
location, 23, 39, 41, 42, 45, 183, 206, 228, 

299, 397 
performance, 133, 155, 190, 194, 564, 565, 567 
rating, 127, 158, 190, 223, 224, 227, 228, 377, 

379. 563' 567 
selection, 158, 162, 167, 178, 183, 186, 187 
weight, 99, 100, 103, 109, 110, 120, 123, !:24, 

129, 130, 137' 147' !58, 186, 210, 285, 565 
Engines, number of, 155, 182, 183, 184, 190 
En route 

configuration, 148, 1~3, 185, 537 
Weight, 271 

Equivalent 
Shaft Horse Power, 112, 118, 567, 568 
Single Wheel Load, 344, 345 

Estimated Normal Payload, 270 
Excrescences, drag due to, 391, 516 
Exhaust, 47, 48, 49, 126, 133, 206, 516, 540 

area, 566 
gases, 51, 132, 205, 206, 209, 563 
nozzle, 116, 117, 221, 504, 563, 565, 566 
velocity, 101, 125, 130, 132, 135, 169, 170, 

205, 206, 565, 567 
Exposed wing area, 149, 439 
Extended overwater operation, 185, 186, 291 
External fuel tank, 152, 274, 448, 514 

Fail-safe desiqn, 15, 260, 390 
Fairing, 38, 241, 249, 464, 513 
Fan, 114, 116, 125, 133, 563, 565 

adjustable rotor blade, 133 
cowling, 449, 50~ 
diameter, 126, 127, 131, 184 
efficiency, 568 
pressure ratio, 120, 125, 134, 565, 567 
tip speed, 133 
variable pitch, 130 

FAR, 19, 20, 21, 22, 23, 24, 25, 166 
Fatique, 63, 268 
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Feathering propeller, 165, 198, 4'10 
Feederliner, 20, 75, 123 
Fillet, 38, 94, 479, 510 
Fin, see Vertical tailplane 
Firewall, 213, 284 
First class, 73, 75, 80, 81 
Fixed equipment and services, 269 
Flap (see also High-lift device), 183, 206, 234, 

251' 252, 396, 532, 534, 535, 537' 538, 539 
deflection (angle), 154, 253, 351, 379, 380, 

533' 578 
design speed, 326, 452, 454 
effectiveness, 529, 530, 531, 532, 533, 536, 537 
fixed hinge, 255, 530, 533 
motion, 255, 256, 530, 535, 541 
operation mechanism, 284, 396 
setting, 227, 228, 379, 380 
tracks and supports, 255, 256, 517, 532, 540 

Flaperon, 257, 538 
Flare maneuver, 169; 170, 234, 325, 343, 381, 581, 

582., 583 
Flat 

plate analogy, 149, 497 
rating, 134, 381 

Fleet Empty Weight, 268 
Flight 

control system, 9, 87, 205, 252, 257, 289, 294, 
330, 395, 397 

deck accommodations weight, 291 
deck design, 85, 87, 92, 205, 397 
envelope, 99, 373 
profile analysis, 375, 376 
Rules, 22, 289, 323, 375 

Floor, 68, 73, 79, 80, 82, 84, 377, 397 
loading, 73, 87, 273, 297 
level, 37, 84 
weight, 461, 462 

Flutter, 48, 218, 280, 374, 452, 453 
Flying 

qualities, 9, 38, 45, 186, 218, 227, 273 
wing, 56, 57 

Form drag, 368, 369 
Four stroke engine, 101, 112 
Fowler flap, 253, 255, 256, 527, 532, 533, 535, 

541, 544 
Frame, 67, 78, 395, 459, 462 
Freighter, 63, 64, 65, 68, 71, 81, 82, 83, 298 
Freight hold, 63, 65, 67, 73, 79, 83, 84, 87, 95, 

397 
Friction (coefficient), 359, 579, 580, 581, 584 
Frontal area, 63, 71, 78, 110, 122, 131, 137, 151, 

446, 447 
Fuel, 63, 108, 269, 270, 273, 297, 301, 375 

consumption, 63, 87, 99, 106, 118, 119, 121, 125, 
126, 135, 136, 155, 186, 190, 217, 219, 377, 
563, 565, 567 

injection, 108, Ill 
reserve, 22, 80, !57, 159, 173, 270, 375, 376, 

378 
specific heat, 118, 119, 293, 563 
system, 195, 198, 214, 275, 285, 395 
tank, 145, 159, 219, 225, 251, 262, 269, 270, 

395' 448' 449 
unusable, 269, 273, 292 
usable, capacity, 270, 271, 273, 449 
weight, 82, 145, 158, 293 

Furnishing and equipment, 82, 291 
Fuselage 

afterbody (tail), 62, 64, 65, 66, 67, 86, 87, 
93, 503 

configuration, 63, 64, 65, 66, 67, 149 
dimension, 37, 63, 67, 69, 71, 73, 76, 79, 87 
drag, 63, 66, ISO, 159, 501, 502, 503, 504, 510 
lift, 469, 540 



Fuselage (continued) 
-mounted engines, 41, 42, 44, 45, 46, 47, 48, 

205, 206, 207, 208 
nose, 67, 79, 84, 87, 93 
slenderness (fineness), 63, 64, 65, 66, 458, 502, 

504 
strakes, drag of, 517 
structure, 62, 63, 68, 96, 397 
(structure) weight, 64, 87, 282, 458, 459, 460, 

463 
volume, 63, 64, 65, 446 

Galley, 79, 80, 291, 292 
Gap, 255, 314, 315, 482, 517, 530 
Gas generator, 113, 114, 118, 125, 563, 565 

cowling, 285, 449, 506 
function, 114, 128, 564, 567 
plug, 131, 449, 506 

Gas producer/gasifiei, see Gas generator 
Geared fan, 123, 127, 130, 178 
Gearing, reduction, 107, 108, 117, 123, 127, 134, 

178, 191, 199 
General arrangement, 29, 37, 62, 79, 132, 179, 217, 

222' 296' 390' 393 
Glauert•s thin airfoil theory, 528, 529, 541, 544, 

547 
Gross Weight, 271, 297 
Ground effect, 38, 469, 528, 551, 552, 553, 580, 

585 
Ground run, 204, 342, 579, 580 
Group weight (statement), 268, 275 
Gust 

allevation factor, 225, 227, 375, 453 
load (factor), 227, 251, 373, 374, 375, 453 
speed, 225, 227, 373, 374 

High density class, 73, 74, 75, 275 
High-lift device, 143, 165, 217, 218, 219, 231, 

234, 252, 380, 399, 452, 454 
drag due to, 373, 517, 543, 544, 545, 546, 549 
leading-edge, 231, 250, 25!, 252, 255, 256, 527, 

547 
trailing-edge, 231, 235, 236, 251, 252, 253, 454, 

527, 528, 537, 548 
weight, 281, 452, 454 

High speed, !55, 183, 218, 219, 224, 241, 244, 245, 
248, 249, 374 

High-wing aircraft, 30, 34, 36, 38, 71, 205, 479, 
510 

Hinge moment, 304, 310, 313, 314, 315, 330, 371 
Horizontally opposed cylinder engine, 110 
Horizontal stabilizer, 51, 52, 53, 281, 282, 324, 

325' 326' 483 
Horizontal tailplane, 208, 209, 219, 228, 231, 250, 

258, 294, 326, 397, 537, 540 
arrangement, 48, 63, 326 
design, 305, 324, 325, 326, 327, 330, 339 
drag, 151, 496, 508 
lift, 310, 324, 328, 469, 470, 481, 482, 483 
load, 228, 239, 253, 297, 370, 395, 470, 580 
stall, 326 
variable incidence, 281, 326, 327 

Horn balance, 315 
Hydraulic system, 289, 343 

Incidence, angle of, 191, 206, 259, 355, 440 
Incompressible flow, see Subcritical flow 
Indicated Mean Effective Pressure (Power), 102 
Induced drag (see also Vortex-induced drag), 39, 

148, 233, 235, 240, 368, 369, 370, 373, 492, 
493' 545' 555 

Inertia 
airplane, 306, 320, 322, 323 
distance/time, 169, 170, 583 

In-Flight Weight, 271 
Initial baseline design, 5, 7, 18, 367, 390, 394 
Inlet/intake, 47, 48, 207, 516, 540 

area/diameter, 119, 158, 186, 566 
duct (efficiency), 46, 113, 206, 506, 566, 568 
drag due to, 515, 516 
pressure (loss), 46, 103, 106, 133, 194, 206, 

377, 564, 568 
velocity, 206, 516, 568 
weight flow, 566 

In-line engine, 111 
Instruments group weight, 289 
Integrated design lift coefficient , 203 
Interference 

effects, 58, 232, 240, 337, 369, 370, 470, 477, 
490, 497, 509, 515, 540 

drag, i31, 208, 209, 369, 370, 510, 511 
viscous, 509, 512 

Interior design, 37, 67, 68, 71 
Internal layout, 64, 67, 71, 397 
International flight (operation), 75, 81, 376 

Jet engine, 99, 112, 116, 119, 121, 132 

Krueger flap, 256, 527, 528 
weight, 454 

Laminar 
airfoil section, 66, 239, 438, 471, 499 
Flow Control, 44, 563 

Landing 
configuration, 155, 234, 379 
gear (see also Undercarriage), 38, 67, 184, 204, 

205' 363' 394 
impact load, 272, 283, 343, 395 
performance, 22, 38, 170, 171, 176, 225, 379, 

381 
Weight (Maximum), 225, 271, 272, 273, 275, 381 

Large aircraft, 20, 23, !85 
Lateral stability, 218, 259, 331, 335, 338 
Lavatory, 68, 73, 79, 291 
Layout design, 64, 143, 148, 390, 397 
Leading edge, 229, 249, 250, 301, 436, 439, 471, 

500 
droop, 250, 547' 548 
shape, 231, 250, 437, 470, 471' 534, 535 
stall, 229, 230, 231' 235, 249, 252, 256, 471, 

534, 536, 547' 548 
suction, 368, 492 

Lift 
carry-over, 477, 479, 480, 540, 542, 545 
coefficient, 156, 223, 237, 240, 242, 245, 247, 

368 
coefficient, design, 203, 222, 239, 245, 246, 

247, 438, 499 
curve, 231, 253, 371, 453, 470, 471, 527, 528, 

529' 537' 540 
-curve slope, 225, 229, 231, 242, 251, 453, 
470, 479, 536, 537' 539 

drag due to, 369, 370 
distribution (spanwise), 51, 236, 240, 471, 473, 

492, 539, 545 
divergence, 242, 243, 245, 316 
/drag ratio, 43, 56, 154, 219, 222, 223, 224, 

234, 373 
dumper, 169, 238, 585 
engine, 130 
increment due to flap, 529, 530, 533, 537 
maximum, see Maximum lift 
trimmed, 481, 482 
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Lifting 
line theory, 368, 492, 551 
surface theory, 368, 473, 492, 493, 537 

Liftoff, 167, 343, 349, 351, 577, 581 
Light aircraft, 20, 23, 87, 275, 281, 298 
Load, 63, 64, 87, 259, 260, 271, 349, 395 

and Balance diagram, 296, 298, 301 
Classification Number, 15, 344 
factor, 12, 47, 84, 161, 170, 227, 272, 277, 312, 

374, 382, 453 
on structure, 23, 394, 395 
Useful, 65, 154, 226, 271, 293, 378 

Loading, 63, 64, 84,. 86, 87, 206, 297, 394 
flexibility, 45, 58, 79, 296, 297 
procedure, 297, 298 
restriction, 58, 272, 296, 297, 298, 300, 302 

Lofting, wing, 237, 249, 448 
Long-haul, 76, 79, 126, 183, 274 
Long-range 

aircraft, 28, 75, 119, 123, 126, 127, 173, 219 
cruise, 157, 158, 222, 234, 274, 378, 387 

Longeron weight, 459 
Longitudinal 

control, 323 
stability, 43, 50, 53, 205, 218, 251, 256, 308, 

310, 313, 317, 319, 321, 323, 328, 371 
Low-wing aircraft, 30, 37, 38, 206, 479, 510 
Luggage, 68, 69, 71, 79, 81 

Mach number effect, see Compressibility effect 
Mach trimmer, 218, 243, 316 
Main gear, 34, 36, 38, 54, 217, 283 
Maintenance, 15, 82, 120, 213, 342, 382, 385 
Maneuver 

load, 235, 245, 374, 453 
margin, 297, 312, 320 
point, 311, 312, 313 
stability, 311 

Maneuverability, 234, 319 
Manifold pressure, 103 
Manufacturer's Empty Weight, 370 
Market analysis and research, 4, 6, 9, 10, 83 
Mass boom wing structure, 259 
Maximum lift, 38, 45, 232, 235, 236, 251, 471, 475 

coefficient, 14, 57, 59, 155, 217, 218, 229, 234, 
235, 237, 238, 239, 240, 251, 253, 279, 324, 
374, 475, 476, 479, 492, 534, 547 

Maximum 
Weight, 271, 272 
Zero'Fuel Weight, 79, 82, 270, 272, 275, 453 

Mean 
Aerodynamic Chord, 296, 301, 309, 440, 441 
Geometric Chord, 233, 439 
line, 239, 436 
quarter-chord point, 441 

Medium-haul, 76, 82, 183 
Mid-wing aircraft, 30, 36, 479, 510 
Minimum 

Control Speed, 332, 335, 381, 577 
Drag, 158 
Speed, 165, 227, 374 
Stall Speed, 165, 170 
Unstick Speed, 553, 577 
Weight, 271, 272 · 

Mission (performance), 143, 144, 172 
Monospar wing structure, 259, 260 
Multispar wing•StruCture, 260, 261 
Munk' s airship theory, 480 

NACA airfoil section, 235, 238, 239, 240, 242, 243, 
438, 499 

Nacelle, 65, 79, 131, 205, 206, 232, 233, 397, 449, 
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Nacelle (continuedl 
506. 540. 563 

drag, 131, 137. 151, 
(group) weight, 283 

184, 

Naturally aspirated engine, 
NAV/COM equipment, 289, 397 
Neutral point, 51, 297, 308, 

317, 482 
Noise, 15, 16, 68, 120, 126, 

179, 190, 200, 213, 396, 
approach, 179 
engine compopent, 51, 101, 
propeller, 101, 190, 195, 
reduction, 117. 132, 179, 
regulations, 11, 20, 144, 

Normal Rated Power, 104, 109 
Nose 

496, 

103, 

309, 

132, 
399, 

131·, 
199, 
180, 
273 

droop, 250, 257, 327, 547, 548 

505, 506 

106, 108, 165 

310, 312, 316, 

133, 173, 178, 
565 

132, 192, 565 
202 
285, 399, 516 

gear (nosewheel), 54, 55, 93, 169, 205, 343, 353, 
358, 395 

Nozzle, see Exhaust nozzle 

Off-design condition, 120, 241, 243, 244, 246 
Oil cooler, 205, 515, 516 
Operating Weight, 271, 273 
Operational 

Empty Weight, 79, 82, 145, 270, 296 
Items, 269, 293, 297 
limitations, 21, 23, 165, 174, 232, 373, 374 
rules, 19, 22, 30, 160, 273 
Weight (limitations), 271, 273 

Optimization, 17, 63, 100, 125, 158, 171, 178, 180, 
387, 563 

Oswald's span efficiency factor, 148, 165, 370, 
486, 508, 546 

Otto-type engine, 101 
Out-of-trim condition, 326 
Overall 

engine efficiency, 118, 565, 567 
Pressure Ratio, 118, 120, 121, 133, 136, 171, 

186, 563, 567 
OVerhanging balance, 307, 314 
overspeed, 160, 169, 380, 577 
Overturning, 353 
Oxygen system, 81, 159, 291 

Pallet, 84, 291 
Pantry, 69, 73, 79, 80, 291 
Parametric design study, 5, 7, 144, 171, 390, 399 
Parasite drag, 2, 255, 370 
Passenger, 68, 69, 77, 78, 79, 80, 81, 84, 207 

transport (aircraft), 75, 76, 84, 87, 297 
service, 73, 79, 293 
weight, 76, 79, 293 

Payload, 62, 65, 67, 68, 69, 83, 84, 145, 174, 206, 
266, 270, 272, 301 

Maximum (Structural) Weight limited, 79, 270, 
272, 273 

- range performance, 217, 270, 271 , 272, 294, 
375, 378, 382 

Volumetric Capacity, 79, 84, ~70, 272, 273, 275 
weight, 293 

Peaky airfoil, 244, 246 
Performance, 38, 45, 144, 153, 179, 217, 268, 273, 

373, 374 
group, 22, 25 
low-speed, 165, 219, 224, 227 
requirement, 110, 143, 155, 217, 219 

Perry's method, 582 
Phuqoid, 57, 317, 323, 582 
Piston 

engine, 2, 39, 99, 101, 134, 205 



Piston (continued) 
displacement, 106, 107 

Pitch, angle of, 256, 349, 350, 351 
Pitching moment, 53, 57, 63, 229, 231, 237, 239, 

242, 250, 308, 324, 371, 476, 477, 480, 482, 
483, 540, 541, 542 

behavior at stall, 227, 232, 244, 249, 540, 548 
camber effect on, 477 
flap effect on, 540, 541, 542 
fuselage effect on, 479, 480, 542 
nacelle effect on, 481 
powerplant effect on, 51, 481 
wing twist effect on, 477 

Pitch-up, 52, 249, 250, 251, 256 
Plain flap 

leading-edge, 256, 527, 547, 549, 550 
trailing-edge, 253, 254, 255, 527, 530, 531, 535, 

541' 544 
Plain control surface, 314 
Pneumatic system, 290, 332 
Pod-mounted engine, 42, 43, 44, 45, 46, 151, 206, 

207, 209 
Point design, 7 
Post-stall behavior, 52, 227 
Potential flow, 241, 479, 490, 492, 534, 536 
Power 

Coefficient, 192, 195 
extraction (offtake), 126, 190, 194, 375, 563 
lapse ratio, 120, 127, 155, 165 
loading, 14, 155, 156, 225, 381 
rating, 103, 162, 227, 379 
specific, 106, 110, 118, 119, 135, 136, 568 
takeoff, 103, 109, 110, 155, 162 

Powerplant 
effect on drag, 120, 

506, 515, 516, 565 
effect on lift, 316, 

Preliminary design, 4, 
Pressure 

coefficient, 242 

124, 131' 137' 151' 165, 

371, 469, 515, 537 
5, 9, 18, 25, 66, 68 

distribution, 229, 231, 241, 242, 244, 245, 246, 
248, 368, 369, 371, 438, 479, 549, 553 

drag, 64, 368, 490, 497 
Pressurization, 2, 65, 67, 68, 374 
Price, aircraft, 385, 386, 387 
Productivity, 2, 12, 81, 83, 266, 382, 387 
Profile drag, 1'34, 219, 222, 235, 237, 242, 545 

control surface deflection effect on, 497, 546, 
555 

lift effect on, 500 
minimum, 239, 242, 499, 544 

Profit, 69, 382, 387 
Project evaluation, 9, 28, 143, 155, 172, 399 
Projected area, 447 
Propeller, 99, 117, 202 

adjustable, 195 
blade angle, 191, 195, 210 
blade camber, 202, 203 
blade planform, 191, 196, 202 
coefficient, 191 
control system, 191, 197, 213, 335 
design, 183, 186, 197, 201, 202 
diameter, 107, 191, 195, 197, 199, 200, 201 
disk loading, 168, 200 
drag, 137, 553, 554 
efficiency, 135, 136, 165, 191, 194, 199, 516 
fixed-pitch, 168, 190, 195, 196, 197 
geometry, 183, 192, 199 
installation/location, 41, 80, 95, 186, 190, 191, 

199, 204, 205, 206, 277 
number of blades, 191, 202, 203, 204 
performance diagrams, 191, 194, 195, 199. 
reversing, 197, 198, 213 
slipstream, see Slipstream effect 

Propeller (continued) 
thrust determination, 194, 195 
thrust line tilt-down, 205, 206, 316 
(tip) speed, 101, 107, 123, 126, 137, 192, 195, 

199, 200 
vibration, 190, 204 
weight, 100, 130, 199, 286 

Propulsion group weight, 268, 269, 285, 286 
Propulsive 

device, 113, 114, 116, 117, 118, 130 
efficiency, 99, 114, 116, 118, 125, 135, 564, 

565 
Protuberances, drag due to, 490, 512 
Pylon, 206, 250 

drag, 131, 506, 508 

Quarter-chord line, 232, 436, 439, 473 
Q-V diagram, 374 

Ram drag, 118 
Ramp Weight, 271, 272, 356 
Range, 62, 63, 80, 82, 157, 160, 274, 377, 384 

design (max. payload), 13, 130, 274 
performance, 157, 158, 160, 225, 234, 375, 377 

Reaction factor at touchdown, 360 
Rear loading (airfoil), 244, 248 
Reference 

drag, 370 
eye point, 89 

Regenerative engine, 137 
Regular Weight, 273 
Removable equipment and services, 269 
Return on Investment, 382 
Revenue, 266, 382 
Reverse 

flow principle, 139 
thrust, 171, 382 

Reynolds number, 64, 149, 152, 186, 192, 228, 231, 
250, 253, 371, 471, 497, 499, 535 

Ride quality, 174, 227 
Rolamat system, 84, 86 
Roll 

angle of, 227, 349, 351 
control, 257, 258 

Rolling moment, 50, 184, 231, 257, 258, 332 
Roof-top (pressure distribution), 243, 244 
Rotary Combustion engine, 111, 112 
Rotation 

angle (limit), 67, 354, 355 
phase, 343, 579, 581 
rate of, 350, 578, 579, 581, 582 
Speed, 325, 576, 577 

Roughness, 497, 499, 517 
Route structure, 13, 387 
Rubberizing of engine, 186, 190 
Rudder 

control effectiveness, 53 
deflection, 51, 332, 335 
varicam, 335 

Runway 
bearing capacity, 343, 349, 359 
classification, 343 
flexible pavement, 344, 347 
gravel, 342, 345 
Loading Index, 344 
loading restriction, 273 
rigid pavement, 344, 345 
performance (wet, dry), 15, 25, 210, 338, 356, 

359, 381 
unprepared, 344, 349 
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Safe-life design, 15, 396 
Safety, 2, 12, 23, 25, 67, 165, 184, 185, 396 
Sailplane, 56, 65, 195 
Sand grain size, equivalent, 517 
Schrenk's method, 473 
Scrubbing drag, 131, 507 
Sealed internal balance, 314 
Seat 

crew, 81, 87, 92, 291 
dimension, 67, 71, 73, 75, 76 
load, 76 
number abreast, 67, 69, 71, 74 
pitch, 67, 73, 75, 76, 77, 78, 80 
passenger, 75, 76, 269, 291 
weight, 76 

Seating arrangement, 62, 63, 68, 71, 77, 78, 272, 
275, 297 

Sensitivity study, 172 
Separation of airflow, 228, 229, 231, 245, 249, 

369, 371, 549 
Service 

life, 15, 120, 128 
passenger, 68, 69, 73 

Servicing, aircraft, 68, 78, 80, 382, 383 
Servo tab, 314, 315 
Shell weight, 282, 458, 459 
Shimmy, 356 
Shock 

absorber, 349, 352, 356, 357, 360, 361 
wave, 153,208,242,243,244,245,247,369, 

371, 469 
Short 

period, longitudinal oscillation, 317, 318, 319, 
320, 321 

Takeoff and Landing, 179, 210 
Short-haul, 13, 69, 76, 79, 127, 158, 159, 183, 

218, 273 
Short-range aircraft, 82, 123, 225 
Sideslip, 331, 332, 555 
Sidewash, 51, 333, 555 
Single slotted flap, 253, 254, 255, 527, 530, 532, 
Skin 

friction drag (coefficient), 64, 149, 368, 490, 
497' 498' 507' 568 

structure (weight), 63, 259, 260, 261, 458 
Slat, leading-edge, 256, 326, 527, 547, 548, 549 
Slipstream, 40, 205, 232, 241 

effect on drag, 515, 516, 555 
effect on neutral point, 317 
effect on propeller thrust, 194, 201 

Slot, 255, 256, 257, 327, 530, 537 
Slotted flap, 255, 530, 535, 539, 541 
Small aircraft, 20, 22, 23, 185 
Sound insulation, 69, 147, 213, 291 
Span, 219, 233, 235, 251, 280, 281, 438, 439, 473 

loading, 155, 218, 222, 223, 252, 368, 369 
Spar, 47,251,258,259,260,261 
Special FAR Part 23, 23 
Specification, design, 6, 10, 29, 69, 145, 217, 

367' 398' 399 
Specific 

aircraft density, 277 
Excess Power, 160 
heats, ratio of, 563 

Speed stability, 137, 138 
Speedbrake, 258, 281, 452, 454, 455 
Speed/Power Coefficient, 194, 197 
Spin, 53, 338, 339 
Spiral stability, 331, 338 
Split f}ap, 253, 254, 255, 527, 530, 531, 535, 541, 
Spoiler', 255, 257, 258, 382, 585 

weight, 281, 452, 454 
Spring tab, 307, 314, 315 
Square-cube law, 186, 226, 281 
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Stability, 51, 294, 297, 308, 351, 371 
Augmentation System, 307, 323 

Stall, 51, 52, ?27, 231, 232, 250 
characteristics, 227, 228, 229, 230, 231, 233, 

239, 240, 249, 251' 528 
progression, 228, 231, 232, 236, 237, 240, 553 
proofing, 228 
test, 166, 227 1 228 1 241 1 374 
warning and protection, 227, 228, 229 

Stalling speed, 78, 111, 121, 122, 126, 185, 218, 
227' 228, 233' 234, 374, 379, 537 

Standard 
error of prediction, 277, 281, 455 
Fuel Capacity, 273 
Item (Variations), 269, 270, 292 
Mean Ct.ord, 296, 301, 439 

Static margin, 309 
Steering, landing gear, 343, 349, 353 
Stick 

control, 87 
displacement, 311 
force, 307, 310, 311, 312, 315, 327 
gearing, 311 
pusher, 53, 218, 229 
shaker 1 53, 228 

Stiffness, 57, 64, 66, 268, 390 
Stopway, 575 
Streamline body, 63, 64, 65, 369, 446, 490, 497, 
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Stress level, 63, 226, 261, 268, 276, 459 
Stressed skin, 260, 395 
Stretching, 4, 37, 64 
Stringer, gross weight, 459 
Structural 

design, 9, 39, 64, 217, 219, 224, 225, 390, 394, 
395, 397 

design speed, 367, 373 
requirement, 228, 232, 272 

Structure, 79, 80, 83, 226, 373 
fuselage, 62, 95, 282 
multipath, 396 
primary, 23, 218, 262, 390, 395, 396, 452 
weight, 184, 225, 226, 227, 233, 235, 236, 265, 

277' 394, 451 
wing, 218, 259, 275, 395 

Strut, 36, 281, 453, 514 
Subcritical, 236, 241, 242, 243, 316, 469, 473, 490 
Suction, 229, 256, 547 
Supercharger, 103, 104, 108, 110, 165 
Supercritical airfoil (section), 67 1 242, 243, 244, 

246, 471 
Supersonic flow, 242, 243, 244 
Superstall, 44 
Supervelocity, 239, 243, 245, 246 
Support structure, 395, 396 

weight. 275, 463, 464 
Surface 

control system, 283, 307 
imperfections (drag), 371, 490, 512, 516 

Sweep, 153, 219, 232, 241, 246, 247, 251, 438, 439, 
469 

angle of, 37, 69, 225, 248, 250, 251, 327, 339, 
395, 439 

simple theory, 246, 251 
Swept-up rear fuselage, 479 
System 

controls weight, 283, 284 
design, 62, 82, 194, 397 

Tail 
angle, 37, 437 
boom, SO, 62, 65, 66, 328, 329 
- first aircraft, see Canard aircraft 



Tail (continued) 
surface design, SO, 51, 62, 63, 64, 308 
group weight, 281 

Tailless aircraft, 56, 58, 306 
Tailwheel undercarriage, 54, 343, 355, 513 
Takeoff, 167, 180, 183, 191, 237, 381, 574, 575, 

576, 579 
distance, 14, 15, 38, 167, 184, 349, 380, 381, 

575, 577 
field length, 14, 15, 167, 183, 574, 579 
flight path, 576, 582, 583 
height, 168, 224, 380 
speed, 154, 168, 184, 185, 380, 577 
weight, 69, 145, 147, 155, 224, 226, 271, 380 
Weight,Maximum, 82, 154, 271, 272, 274, 275, 293 

Taper (ratio), 219, 233, 236, 240, 251, 326, 339, 
439, 440, 471 

Tare Weight, 27 0 
Taxying, 204, 209, 349 

Weight, 271 
Thermal efficiency, 108, 114, 136, 564 
Thermodynamic cycle, 112, 125, 132 
Thickness 

distribution, 238, 239, 248, 436 
ratio (of section), 47, 149, 153, 219, 229, 231, 

232, 235, 236, 237, 239, 241, 246, 247, 248, 
249, 395, 437, 438, 439, 477, 530 

Three-shaft engine, 178 
Thrust 

ambient temperature effect on, 134 
coefficient, 192, 515 
ideal, 563 
idling, 580, 585 
gross (standard), 116, 128, 135, 506 
lapse (rate), 120, 127, 155, 161, 224, 563, 566, 

567, 579, 580 
line, 206, 316 
loading, 14, 155, 156, 161, 162, 168, 171, 174, 

180, 183, 224, 578 
installation loss, 47, 155, 206, 210 
net (standard), 116, 117, 187, 506, 563 
specific, 118, 119, 120, 121, 124, 126, 186, 563, 

565, 566, 567, 568 
reversal (system), 126, 183, 210, 295, 338, 516, 

585 
takeoff (static), 128, 129, 130, 155, 565, 566, 

567 
/weight ratio, see Thrust loading 

Time Between OVerhauls, 101, 107, 190 
Tip tank drag, 152 
Tire 

American size, 356 1 357 
anti-shimmy, 356 
British size, 356, 358 
characteristics, 342, 343, 356 
clearance, 205, 361 
dimension, 359, 361 
inflation pressure, 343, 344, 345, 356, 357, 359, 

360, 580 
load, 343, 356, 357, 358 
size. 356 
tread pattern, 356 

Toilet facilities, 69, 79, 80, 205 
Torsion, 236, 237, 280, 396 
Total 

Activity Factor, 202, 203, 204 
Pressure Ratio, see Overall Pressure Ratio 

Tourist class, 73, 74, 75, 80, B1 
Touchdown, 56, 126, 343, 349, 3B1, 382 
Tractor engine, 39, 152, 156, 205 
Tradeoff study, 13, 172 
Traffic, 3, 11, 75,270,382 
Trailing edge, 436, 438, 439, 499 

angle, 471 

Trailing edge {continued) 
beveled, 315 
stall, 229, 230, 231, 235, 249, 471, 529, 534, 

536, 548 
Trailing vortex, 192, 368, 490, 492, 551, 552, 553 
Trainer, 65, 76, 206 
Transition distance, 583 
Transport(-category) aircraft, 22, 23 
Trim 

drag, 237, 239, 244, 297, 370, 496, 528, 543, 
545, 546 

tab, 315, 327 
Triple slotted flap, 253, 254, 255, 527, 532, 534 
T-tail, 45, 50, 53 
Tuck under, 243, 316 
Turbine, 104, 114, 117, 125, 207, 396 

blade cooling, 124, 563 
efficiency, 564 
Entry (Inlet) Temperature, 114, 120, 123, 124, 

133, 134, 135, 136, 171, 186, 199, 385, 563, 
564, 567 

free, 137 
Turbocharger, 103, 104, 105, 110 
Turbofan engine, 2, 99, 116, 121, 565 
Turboprop engine, 39, 99, 112, 117, 119, 137, 198, 

205, 206 
weight, 130 

Turbo shaft engine, 112 
Turning flight, 161, 245 
Twist, 192, 218, 222, 228, 239, 240, 248, 251, 440, 

493,. 549 
aerodynamic, 440, 474 
geometric, 440 
linear, 440, 473, 474, 477, 493 
linear lofted, 248, 440, 473, 475, 477 

Two stroke engine, 111, 112 

Undercarriage 
bogie, 345, 367 
design, 56, 71, 207, 249, 268, 342, 343, 397 
drag, 152, 165, 359, 492, 493, 528, 550 
fixed, 362, 512, 513 
Jockey, 363 
geometry, 37, 184, 251, 296 348, 353, 355, 360, 

361' 395 
layout, 227, 343, 345 
retraction, 55, 62, 67, 68 236, 249, 297, 360, 

362·, J96. 579. 580 
tandem, 55, 343 
track, 255, 352, 353, 3~ 
tricycle, 54, 343, 351 
weight, 282, 283 

Unit Construction Index, 344 
Upwash, 256, 477, 509, 551 553 
Utilization, aircraft, 3, 12, 63, 84, 267, 384, 385 

Vane, fixed, 255, 454, 532, 533 
Vee engine, 111 
Vertical tailplane, 207, 209, 331, 332 

area, 39, 184, 331, 332 
drag, 373, 508 
geometry, 331, 332, 335, 337, 338, 339 
stall, 327, 332 
twin, 50, 335, 338, 482 

Viscous flow effect, 192, 477, 496, 530, 534, 546 
Visibility from the cockpit, 89, 91, 92, 205, 256 
v-n diagram, 367, 373, 374 
Volume, 222, 225, 226, 238, 277, 368, 446, 447 
Vortex generator, 250, 517 
Vortex-induced drag (coefficient), 38, 222, 233, 

237, 368, 370, 490, 492, 493, 496, 508, 509, 
510, 511, 528, 543 

SIJ1 



Vortex-induced drag (continued) 
effect of flap deflection on, 545 
effect of fuselage lift on, 496 
effect of interference on, 509, 511 
effect of tailplane lift on, 546 
effect of wing lift on, 492, 493, 494, 495, 496, 

555 
Vortilons, 250 
V/STOL aircraft, 203 
V-tail, 51, 53 

Wake, 47, 53, 208, 231, 232, 530, 536 
drag, 368, 369 

Wankel engine, 112 
Wardrobe, 73, 79, 80 
Wash-in, 440 
Wash-out, 57, 240, 248, 250, 440, 475, 492 
Water injection system, 134 

weight of, 269, 292 
Wave drag, 66, 67, 368, 369, 371 
Weight 

Altitude Temperature diagram, 273, 380, 381 
breakdown, 25, 145, 266, 268, 269, 399 
control, 9, 144, 275, 276, 395 
distribution, 159, 217, 296 
Empty Equipped, 270 
growth, 63, 186, 265, 266 
limitation, 268, 271, 274 
prediction method, 144, 145, 268, 277 

Wetted area, 42, 131, 149, 151, 222, 368, 446, 447, 
448, 497, 509, 549 

engine nacelle, 449 
fuselage, 63, 64, 66, 80, 87, 446, 447 
gas generator, 449 
tailplane 1 447 1 448 
wing, 439, 447, 448 

Wheel 
contact area, 346 1 347 1 359 
door, 363 1 460 
load, 344, 356 
location, 349, 353, 354, 356, 361 
multiple, 344, 345 1 348 
- well fairing drag, 514 

Wheelbay, 395, 462, 551 
Whitcomb's area rule 1 67 1 208 
Wide-body aircraft, 67, 73, 75, 79 1 80 
Windmilling engine, 470, 533, 553, 554, 580 
Window, 67, 76, 78, 87, 460 

seating procedure, 298, 301 
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Windshield drag, 513, 514 
Wing 

apex, 438, 439 
area, 143, 219, 222 1 225 1 226, 232, 233, 252, 

256, 439, 479, 501 
bending, 209, 218, 235, 236, 259, 260, 276, 280, 

395, 396, 452, 453 
center-section, 67, 206, 395, 470 
design, 68, 69, 158, 217, 218, 227, 232, 241, 

246 
fences, 250, 517 
loading, 2, 14, 15, 69, 155, 156, 168, 171, 174, 

176, 180, 183, 217, 218, 219, 222, 223, 224, 
225, 226, 227, 228, 233, 234, 245, 252 

-mounted engines, 156, 233, 332, 336, 453 
planform, 218, 228, 232, 233, 237, 240, 248, 249, 

251' 438, 473 
position (setting), 30, 37, 258, 259, 294, 300, 

477, 479, 481 
root, 36, 43, 68, 231, 235, 236, 240, 395, 438, 

439, 449 
section, see Airfoil section 
shape, 218,-225,227,229,232,233 1 236,237, 

240, 441, 442 . 
size, 173, 218, 219, 227 
straight, 232, 233, 471 
straight-tapered, 232, 233, 439, 441, 442, 443, 

473, 493 
sweptback, 6, 209, 229, 232, 247, 249, 473, 548 
untapered, 232, 233 ' 
structure weight, 45, 184, 226, 227, 235, 276, 

280. 452' 454 
tip, 231' 236, 237, 247' 250, 259, 395, 438, 439 
(tank) volume, 174, 222, 225, 238, 448 

Yaw 
angle of, 227 
damper, 218, 258, 259, 332, 338 

Yawing 
moment, 51, 184, 209, 331, 332, 333, 337, 555 
oscillation, 258, 332 

Zero 
Fuel Weight (Maximum), 79, 82, 270, 271 
-lift drag, 56, 63, 87, 148,' 149, 161, 369, 370, 

490, 526 
- lift line, 324, 436, 437, 443, 483 
Payload Weight (Maximum), 271, 273 




