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Preface 

M
ore than 75 years have passed since the Wright brothers' historic 
first flight of a powered, heavier-than-air aircraft at Kitty Hawk, 

North Carolina, on December 17, 1903. During this relatively brief period, 
the airplane has developed from a useless freak to a highly significant 
force in modern society. The transformation of the airplane during this 
period must be ranked as one of the great engineering accomplish-
ments of all time. The magnitude of the achievement is emphasized by 
the nature of the vehicle and the rigorous requirements for precise 
design of every element. In no other type of machine, with the possible 
exception of space vehicles, do the often conflicting requirements of 
performance, safety, reliability, and economic viability place such a high 
premium on detailed design optimization, based on quantitative data 
and analysis. 

The evolution of the airplane since 1903 rests on technological ad-
vances in such fields as aerodynamics, stability and control, propulsion 
systems, structures, materials, internal systems, and manufacturing 
technology. Advancements in all these areas have been made possible 
by millions of man-hours spent by highly motivated people. Private in-
dividuals, research laboratories operated by civil and military elements 
of the government, and universities—as well as industrial design, re-
search, engineering, and manufacturing teams—have all contributed to 
the development of the airplane. The evolution of the modern airplane 
has been characterized by a series of technological levels, or plateaus, 
that extend over a period of years. Each level has been exemplified by 
an aircraft configuration type that is gradually improved by a series of 
relatively small refinements, without any major conceptual change. 
Under the stimulus of some form of competition, new technology in a 
number of disciplines has occasionally been combined synergistically in 
a new design to produce an aircraft of a new and higher level of tech-
nology. The Douglas DC-3 transport is a good example of this type of 
advancement. In a few rare instances, a revolutionary breakthrough or 
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new concept has dramatically altered the course of aeronautical devel -
opment and established a new and higher technical plateau. The 
advent of the jet engine and the concept of the swept wing for high-
speed flight fall into this category. 

Although some further refinement was possible, the technology of 
the propeller-driven airplane equipped with a reciprocating engine was, 
at the end of World War II, on a plateau with little expectation of 
major improvement. In the face of this depressing prospect, aircraft 
equipped with a new and revolutionary type of propulsion system, the 
jet engine, appeared on the scene in the closing months of the war. 
This innovative propulsion system introduced an entirely new level of 
technology in aircraft design. The subsequent advances in aircraft per-
formance and capability made possible by the turbine engine have per-
haps been even more spectacular than those characterized by the first 
40 years of powered flight. The initial applications of jet propulsion 
were to military aircraft of various types. Indeed, the military airplane 
and the concepts of its various missions went through a complete meta -
morphosis as a result of this new type of propulsion system. The first 
jet-powered transport entered commercial operations in 1952. This 
event heralded the beginning of a revolution in domestic and interna-
tional air transportation that has accompanied the development and re-
finement of this type of transport. The entire concept of common-
carrier transportation has been radically altered by the jet transport. 

This volume traces the technical development of the airplane from 
a curiosity at the beginning of World War I to the highly useful ma-
chine of today. Included are significant aircraft that incorporated im-
portant technical innovations and served to shape the future course of 
aeronautical development, as well as aircraft that represented the state 
of the art of aeronautical technology in a particular time frame or that 
were very popular and produced in great numbers. In order to reduce 
the scope of material under consideration, primary emphasis has been 
placed on aircraft originating in the United States (except in chapter 2). 
No adverse reflection on the quality of the many fine foreign designs 
developed over the years is intended by their exclusion. The aircraft 
described certainly do not include all the significant types designed in 
the time period 1914-80, but they do illustrate the primary features of 
the technical evolution of the airplane. If the reader's favorite aircraft is 
not included, the reference lists at the end of this volume include pub-
lications that catalog data and photographs for a wide variety of air-
craft. 

x



PREFACE 

The discussion is related primarily to aircraft configuration evolu-
tion and associated aerodynamic characteristics and, to a lesser extent, 
to developments in aircraft construction and propulsion. The book is 
divided into two parts. Part I deals with the development of propeller-
driven aircraft, and part II is devoted to subsonic jet-powered aircraft 
designed for civil and military use. Some of the jet aircraft described 
are capable of brief excursions into the realm of supersonic flight; how-
ever, long-range supersonic-cruising aircraft are an entirely different 
class of vehicle and are not discussed in the present volume. 

The material is presented in a manner designed to appeal to the 
nontechnical reader who is interested in the evolution of the airplane, 
as well as to students of aeronautical engineering or others with an 
aeronautical background. The use of engineering terminology has been 
kept at a minimum, consistent with accuracy and the intent of the text; 
where unavoidable, suitable physical explanations have been included. 
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Chapter 1 
Introduction 

T
he first flight of a powered, heavier-than-air aircraft was, of course, 
made by Orville Wright on December 17, 1903. In the decade 

following this historic event, aircraft development was characterized by 
a proliferation of types, conceived primarily by inventors of varying 
degrees of competence. A few of these aircraft flew moderately well, 
some poorly, and some not at all. There was little scientific and engi-
neering foundation for aircraft design, and many aircraft built during 
this period were constructed by nontechnical people as amateur, back-
yard-type projects. Most of these aircraft were designed for no other 
mission than to fly, and most were employed for exhibition purposes, 
races, or other spectacular types of events. No definitive aircraft config-
uration types had emerged by 1914, the beginning of World War I, 
and flying was regarded by most intelligent people—if at all—as a sort 
of curiosity not unlike tightrope walking at the circus. These viewpoints 
were utterly changed by the tactical and strategic uses of aircraft in the 
First World War. The demands of combat aviation, together with the 
opposing powers constantly vying for air superiority, resulted in the 
development of the airplane from a curiosity in 1914 to a highly useful 
and versatile vehicle, designed to fulfill specific roles, by the end of the 
war in November 1918. 

The evolution of propeller-driven airplanes from 1914 to the 
present falls into five distinct, identifiable time periods that provide the 
framework for chapters 2 through 6. Significant design trends, as evi-
denced by changes in aircraft physical and performance characteristics, 
are discussed in chapter 7. Chapters 2 to 7 are restricted to a discus-
sion of aircraft designed to operate from land-based fields and airports. 
Consequently, the flying boat, once an important class of aircraft but 
now almost extinct, is not included in these chapters; however, a brief 
description of the evolution of this unique and picturesque type of air-
craft is contained in chapter 8.
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As indicated in the preface, the discussion is restricted primarily to 
aircraft types developed in the United States. Chapter 2 on World War 
I aircraft is an exception; European aircraft form the basis for the mate-
rial presented in this chapter since the United States developed no sig-
nificant combat aircraft during the war years 1914-18. 

The aircraft discussed in the following chapters, together with 
some of their physical and performance characteristics, are listed in 
tables I to IV in appendix A. The quantities tabulated are defined in 
the list of symbols contained in appendix B, and generally require no 
further elaboration. However, three of the aircraft aerodynamic charac-
teristics presented deserve some further discussion. These are the zero-
lift drag coefficient C D ,O, the drag area f, and the value of the maximum 
lift-drag ratio (L/D)m. 

The zero-lift drag coefficient CD,O is a nondimensional number that 
relates the zero-lift drag of the aircraft, in pounds, to its size and the 
speed and altitude at which it is flying. Generally speaking, the smaller 
the value of this number, the more aerodynamically clean the aircraft. 
For example, the value of CD.O for the North American P-51 "Mus-
tang" fighter of World War II fame is about 0.0161 (table III) as com-
pared with about 0.0771 for the Fokker E-III fighter of World War I 
(table I). Accordingly, the P-51 is a much cleaner aircraft than the 
Fokker E-III. 

The drag area f is the product of the zero-lift drag coefficient and 
the wing area. The resulting number is of interest because it repre-
sents, approximately, the area of a square flat plate, or disc, held 
normal to the direction of flight, which has the same drag in pounds as 
the aircraft at a given speed and altitude. (The relationship is exact for 
a flat-plate drag coefficient of 1.0. According to reference 72, the actual 
drag coefficient of such a plate is 1.171.) For example, the drag area of 
the P-51 fighter is 3.57 square feet as compared with 12.61 square feet 
for the much smaller Fokker E-III of World War I. The improvement 
in aerodynamic efficiency over the 25-year period separating the two 
aircraft is obvious. Comparisons of the drag area of aircraft of different 
periods designed for the same missions can thus provide some indica-
tion of comparative aerodynamic cleanness or streamlining. Further-
more, the maximum speed is approximately proportional to the cube 
root of the ratio of the power to the drag area (ref. 90). The larger this 
ratio, the higher the top speed. 

The value of the maximum lift-drag ratio (L/D) m , is a measure of 
the aerodynamic cruising efficiency of the aircraft. In essence, it is in-
versely related to the amount of thrust required to sustain a given 
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weight in the air and is proportional to the miles of flight per pound of 
fuel for a given propulsion system efficiency and aircraft weight. The 
higher the value of (L/D) m , the higher the cruising efficiency of the 
aircraft. The value of the maximum lift-drag ratio is a function of the 
zero-lift drag coefficient and the drag associated with the generation of 
lift. The drag-due-to-lift is, in turn, related to the wing aspect ratio (ba-
sically, the ratio of span to average chord) and becomes smaller as the 
aspect ratio is increased. The value of the aspect ratio A is given for 
each of the aircraft listed in the tables. Values of (L/D) m for propel-
ler-driven aircraft vary from about 6.4 for early World War I fighters to 
about 16 for transports such as the Lockheed 1049G of the 1950's. 
The values of CD.O and (L/D) m , given in the tables were estimated 
from published aircraft performance data according to the methods de-
scribed in appendix C. 

The references used in obtaining the characteristics of the aircraft 
are listed in tables I-IV or are specifically cited in the text. Jane's All the 
World's Aircraft (refs. 1-16) has been used extensively in compiling the 
characteristics of the aircraft presented in the tables. This definitive 
series of books has been published each year since 1909 and forms an 
invaluable source for anyone interested in aircraft development. A few 
references that provide useful background material, but which are not 
specifically cited in the the text, are offered for additional reading on 
the subject of aircraft development. For convenience, references 17 to 
124 are listed alphabetically.

5
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Chapter 2 

Design Exploration, 1914-18 

Background 

A
multitude of aircraft types were tested in combat in the war period 
1914-18, and literally hundreds of prototypes were built and flown. 

These numbers become believable when one considers that the proto-
type of a fighter aircraft could be designed, constructed, and test flown 
within a period of a few weeks. In contrast to the essentially job-shop 
approach to aircraft construction that prevailed prior to 1914, an air-
craft industry was developing, nurtured by large expenditures of money 
by the belligerent governments. The engineering principles of aircraft 
design were also beginning to take shape. Government laboratories, 
such as the Royal Aeronautical Establishment in England, contributed 
greatly to the foundations of aeronautical engineering. Scientific and 
engineering laboratories also existed in France, Italy, and Germany; 
and the National Advisory Committee for Aeronautics (NACA) was 
established in the United States by act of Congress in 1915. The results 
of NACA research, however, did not begin to have a significant impact 
on aircraft design until the mid- to late 1920's. In contrast to the 
European powers, the United States had essentially no air force and no 
real aircraft industry when war was declared on Germany in April 1917. 
Accordingly, the United States relied almost entirely on tried and 
proven European aircraft designs. Many of these aircraft were pro-
duced by European companies for use by the American Expeditionary 
Force, while others were manufactured under license in the United 
States. 

Aircraft types of amazing variety were built in the continual quest 
for better fighting machines. Monoplanes, biplanes, and triplanes were 
employed in military operations at various stages of the war, and sev-
eral quadruplanes were tested in prototype form. The wings of most of 
these aircraft were supported externally by a combination of wires and 
struts, although several designers developed aircraft with internally 
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braced cantilever wings. Perhaps the most notable was the Dutch de-
signer Anthony H. C. Fokker, who supplied many cantilever-wing 
fighter aircraft to the German air force. Both pusher- and tractor-type 
engine installations were employed, and multiengine bombers fre-
quently utilized a combination of pusher and tractor powerplant instal-
lations. The pusher-type configuration was used extensively as a fighter, 
particularly by the British, in the early stages of the war. The internal 
structure of most of the aircraft consisted of a wooden framework 
braced with wire and covered externally with cloth. Some aircraft em-
ployed a mixture of metal and wood in their construction, and experi-
ments were conducted with all-metal aircraft whose wings were inter-
nally braced. Dormer and Junkers in Germany were among the pio-
neers in all-metal aircraft construction. The types of alloys available at 
the time, however, did not lend themselves to the light weight required 
in aircraft design, and the concepts of light, stressed-skin metal con-
struction lay in the future. All-metal aircraft did not play an important 
role in World War I. The use of plywood as an external covering, to-
gether with a minimum of internal structure, particularly in fuselage 
design, was also employed by several manufacturers. This type of con-
struction, called monocoque, is described in more detail later. 

Two vastly different engine types were employed in World War I 
aircraft: the stationary engine, usually water cooled, and the rotary 
engine. Water-cooled engines of 4, 6, 8, and 12 cylinders were exten-
sively utilized. In concept, these engines were not unlike the present-
day automobile engine; a few of the in-line engines were air cooled. 
The rotary engine had cylinders arranged radially around a crankshaft; 
but unlike the modern radial engine, the crankshaft was fixed to the 
aircraft, and the cylinders and crankcase, with propeller attached, ro-
tated around it. This engine type was relatively light and was cooled easily 
by engine rotation, advantages that accounted for its extensive use. 
The rotary engine, perfected in France, had a primitive control system 
and introduced undesirable gyroscopic moments in the aircraft that ad-
versely affected flying characteristics. The rotary engine is a curiosity 
that rapidly vanished from the scene following the close of World 
War I. 

The design of a successful aircraft, even today, is not an exact sci-
ence. It involves a combination of proven scientific principles, engi-
neering intuition, detailed market or mission requirements, and per-
haps a bit of inventiveness and daring. Aircraft design during World 
War I was more inventive, intuitive, and daring than anything else. Pro-
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totypes were frequently constructed from full-size chalk drawings laid 
out on the factory floor. The principles of aerodynamics that form so 
important a part of aircraft design today were relatively little under-
stood by aircraft designers during the war. An indication of the state of 
the art in this area is given in the textbooks by Barnwell and Sayers 
published in 1917 (ref. 27) and by Kiemin in 1918 (ref. 79). Structural 
design was haphazard, and stress analysis did not become an accepted 
part of the design process in many companies until midway through 
the World War. In an area of engineering in which structural strength, 
light weight, and aerodynamic efficiency are so important, it is indeed 
surprising that a number of relatively good aircraft were produced. 

The evolution of the airplane during the turbulent years of World 
War I is described briefly in the following sections of this chapter. 
Fighter aircraft, which usually reflected the latest in design refinements, 
are considered first, after which consideration is given to heavy bomb-
ers and army cooperation aircraft. 

Fighter Aircraft 
A primary purpose of fighter aircraft is to destroy other aircraft, 

either in offensive or defensive modes of operation, or to pose such a 
compelling threat that enemy air operations are effectively curtailed. 
Enemy fighters, bombers, patrol and reconnaissance aircraft, as well as 
ground-support and transport aircraft, are the prey of the fighter. To 
perform its intended function, the fighter must be able to reach a fa-
vorable position for inflicting crippling damage on the enemy. This 
means that the fighter pilot must first be able to detect the enemy air-
craft; the methods of detection employed in the First World War were 
primarily visual. Thus, the aircraft and pilot's position in it must be de-
signed to provide the widest possible field of view. Detection means 
little, however, unless the aircraft possesses the performance and ma-
neuverability necessary to achieve a favorable attack position and pro-
vides a steady gun platform together with sufficiently powerful arma-
ment to destroy the enemy once a favorable position has been 
achieved. Some of the performance and maneuverability characteristics 
of importance are speed in various flight conditions, rate of climb and 
ceiling, roll rate, turning radius and climb capability while in a turn, 
and range and endurance. 

Sufficient strength must be provided for the aircraft to survive the 
loads imposed by high g maneuvers at high speed without structural 
failure. The ability to sustain a certain amount of enemy fire without 
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catastrophic damage is another important attribute of the successful 
fighter aircraft. Adding to the design challenge is the necessity for 
maintaining structural weight at a minimum, while at the same time 
providing the required strength and durability. 

Another important ingredient inherent in a successful fighter air-
craft is the manner in which it handles. The flying and handling charac-
teristics of aircraft have been under study for over 60 years and con-
tinue to be the subject of investigation as new aircraft configurations 
evolve and new operating ranges of speed and altitude are encoun-
tered. Broadly speaking, an aircraft with good handling characteristics 
must obey the pilot's control inputs precisely, rapidly, and predictably 
without unwanted excursions or uncontrollable behavior and without 
excessive physical effort on the part of the pilot. Preferably, the aircraft 
should possess these desirable characteristics throughout its perform-
ance envelope. Further discussion of handling characteristics is con-
tained in chapter 5. 

The discussion above outlines in broad terms some of the more 
important characteristics of the successful fighter aircraft. These desira-
ble characteristics have not changed very much over the years, al-
though they have been more precisely defined. Also, the operating 
ranges of speed and altitude have changed, as have the weapons and 
the methods of detection. No aircraft has ever achieved perfection in 
all areas in terms of the state of the art available in a given time period. 
Aircraft design involves a compromise between many conflicting re-
quirements. The successful fighter aircraft incorporates the proper 
blend of compromises that provides the characteristics necessary to 
counteract the enemy threat in a particular time period and combat en-
vironment. The evolution of this rather specialized type of aircraft in 
the hectic 4-year period of World War I is briefly described next. Dis-
cussed and illustrated are 11 fighters that operated over the Western 
front during this pioneer period of combat aircraft development. 

Pioneer Fighters 
The first true fighters to appear in World War I were the Fokker 

Eindecker series of monoplanes that caused a revolution in the con-
cepts of the way in which a fighting airplane could be employed. The 
Eindecker was not particularly fast or maneuverable, but it was the first 
aircraft to effectively employ a fixed, forward-firing machine gun that 
was synchronized with the engine so that the bullets passed between 
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the blades of the revolving propeller. The gun was aimed by aiming 
the entire airplane. This new flying weapon entered combat service in 
the summer of 1915. Credit for the invention of the synchronized ma-
chine gun is a matter of debate among aviation historians, but there is 
no doubt that the Fokker Eindeckers were the first aircraft to employ 
this concept in an effective operational sense. Anthony Fokker's version 
of the invention of the synchronized machine gun and its early use are 
contained in his autobiography (ref. 50). 

The results achieved with the Fokkers were spectacular, and the 
months during which these aircraft reigned supreme are often referred 
to as the era of the "Fokker Scourge"; Allied aircraft were sometimes 
called "Fokker Fodder." German pilots Oswald Boelcke and Max Tm-
melmann became famous for flying this type of aircraft; Immelmann 
was killed in one as the result of structural failure in the air. It has 
never been established whether this failure was caused by enemy gun-
fire or a design defect. 

The Eindecker series of aircraft appeared in four versions, E-I to 
E-IV, with the E-III type produced in the greatest numbers. They were 
similar in appearance and were equipped with one machine gun, except 
for the E-IV, which was larger, more powerful, and had two guns. Be-
tween 450 and 475 Eindeckers were manufactured. 

Some of the characteristics of the E-III are given in table I (appen-
dix A), and a photograph of a type E-IV is presented in figure 2.1. The 
photograph depicts a fragile-looking midwing monoplane, with the 
wings braced by an array of wires extending from a pylon mounted 
atop the fuselage to the wing and then down to a complex arrangement 
of struts that formed the landing gear. The wing itself was quite thin, a 
common engineering practice through most of the war years. Thick 
wings were thought, quite incorrectly, to produce prohibitively high 
drag. It is not known whether this mistaken notion arose because of 
results obtained from the very low Reynolds number wind tunnels 
available at that time; or because of poor airfoil design; or perhaps, 
because birds' wings were thin, designers therefore considered that 
shape to be the best. In any case, airfoil thickness ratios of 4 to 6 
percent (ratio of airfoil thickness to wing chord) were the norm, and 
only the Germans successfully applied thick airfoils to wing design later 
in the war. 

The control system employed on the Eindeckers was archaic even 
by 1914 standards. Lateral control was achieved by wing warping in a 
manner similar to that employed by the Wright brothers in 1903, and 
the vertical and horizontal tail units consisted of one-piece free-floating 
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Figure 2.1 - German Fokker E-II EindeckerJig/itei; 1916. [ukn via Martin Copp] 

surfaces. The stability and control characteristics of the aircraft were, of 
course, related to the floating angles of these surfaces as the angles of 
attack and sideslip of the aircraft varied. The characteristics of the air-
craft and the effectiveness of the control system can be judged by the 
comments of a modern pilot who has flown a replica of the E-III. The 
late Frank Tallman in his book Flying the Old Planes (ref. 110) says ". 
the major flight characteristic ever present is the feeling that if you 
took your hands off the stick or your feet off of the rudders, the Em-
decker would turn itself inside out or literally swap ends." He also indi-
cates that the all-moving surfaces continually hunted back and forth 
with an attendant feedback into the pilot's hands and feet. These char-
acteristics describe an aircraft that by modern standards would be con-
sidered unpleasant to fly, would be unlicensable, and certainly would 
inspire little confidence in the mind of the pilot. 

The Eindecker was of conventional frame construction covered 
with fabric "doped" with glue to stretch it tight and to provide weath-
erproofing. The wing structure was of wood, whereas the fuselage 
frame departed from common practice in that it was constructed of 
welded steel tubing with wire bracing. 

The E-III was powered with the 100-horsepower Oberursel rotary 
engine. One of these interesting and unique rotary-type engines is 
shown in figure 2.2. In order to limit centrifugal stresses, rotary en-
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Figure 2. 2—Nine-cylinder LeRh&ne 
rotary engine of 110 hp. [ukn]

DESIGN EXPLORATION, 1914-18 

gines developed maximum power at relativel y low rotational speeds, in 
the range of 1200 to 1400 revolutions per minute. The large diameter 
propeller on the Fokker E-IV shown in figure 2.1 was dictated by the 
low rotational speed of the engine. By modern standards, the engines 
of most World War I aircraft developed rated power at low rotational 
speed and utilized large diameter propellers. The propulsive efficiency 
was accordingly high at low speeds, which gave aircraft of that period 
good takeoff and climb characteristics. 

A glance at the data in table I for the Fokker E-III indicates a 
rather light aircraft of 1342 pounds gross weight with a maximum 
speed of 87 miles per hour, a high zero-lift drag coefficient of 0.0771, 
and a low maximum lift-drag ratio of 6.4. Certainly these data do not 
suggest an aircraft of very impressive performance. Yet, the presence of 
an effective fixed, forward-firing, synchronized machine gun, which the 
Allied powers did not have, made the Eindecker the terror of the skies 
over the Western front in 1915 and secured for it an important place in 
the annals of World War I aviation history. 

The German hold on air superiority was broken in the spring of 
1916 by the appearance of several new British and French fighters that 
outclassed the Fokker Eindeckers. The British, who did not possess a 
satisfactory gun synchronizing gear, solved the problem of a forward-
firing gun by a pragmatic, short-term configuration concept; the engine 
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and propeller were simply mounted behind the pilot, which allowed an 
unobstructed forward field of fire. Several pusher-type aircraft were de-
veloped. Typical of this design concept was the DeHavilland DH-2 
shown in figure 2.3, designed by Geofferv DeHavilland for the Aircraft 
Manufacturing Company (AIRCO). The photograph depicts a strut-
and-wire-braced, double-bay biplane employing thin, untapered wings. 
(A brief description of biplane terminology is contained in appendix 
D.) A small nacelle situated on the bottom wing contained the pilot's 
cockpit and gun in the forward portion and the 100-horsepower Gnome 
Monosoupape rotary engine in the pusher position in the rear. The 
horizontal and vertical tail surfaces were mounted behind the engine 
on an arrangement of four strut-and-wire-braced outriggers, or booms, 
which extended rearward from the wings. Cutouts in the trailing edges 
of the upper and lower wings provided clearance for the rotating pro-
peller, which had four blades to minimize the extent of the cutouts 
and reduce the required spacing of the outriggers. The smaller diam-
eter four-blade propeller, as compared with a two-blade propeller 
capable of absorbing the same power, also reduced the length of the 
landing gear. 

Figure 2.3 - British DeHavilland DH-2 fighter; 1916. [National Archives via

Martin Copp] 
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The pusher configuration arrangement of the DH-2 offered excel-
lent visibility forward, upward, and downward to both sides, but a 
somewhat restricted view to the rear. Armament first consisted of a 
flexible, forward-firing gun or guns, but this was later replaced by a 
single fixed gun. 

The biplane configuration employed on the DH-2, with detail 
design variations, .was the most frequently used wing arrangements on 
World War I aircraft designs. The biplane design formula offered the 
best compromise between structural strength, light weight, and aerody-
namic efficiency consistent with the state of the art. The British, as a 
matter of policy, were not interested in monoplanes because they had a 
reputation, perhaps undeserved, for structural weakness. 

The DH-2 was of wooden frame construction covered with fabric, 
except for the top and forward parts of the nacelle, which were covered 
with plywood. Lateral control was provided by ailerons located on both 
the upper and lower wings, and the tail surfaces had both fixed and 
movable elements. According to reference 82, the aircraft was sensitive 
on the controls with a tendency to spin easily. Once they mastered it, 
however, pilots found the aircraft to be strong, maneuverable, and easy 
to fly. 

A comparison of the data given in table I shows that the DH-2 was 
somewhat faster than the Fokker, was of greater aerodynamic effi-
ciency, and had a significantly lower wing loading. The climbing capabil-
ity of a fighter aircraft is a very important performance parameter, not 
shown by the data in table I. Curves showing the time required to 
climb to various altitudes, based on data given in reference 82, are pre-
sented in figure 2.18 for all the fighter aircraft discussed. The climb 
curves also give the DH-2 an edge over the Fokker. These advantages 
of the DH-2, together with control characteristics that were no doubt 
far superior to those of the Fokker, were responsible for the success of 
the "little pusher." 

Major Leone G. Hawker, one of the early British aces, commanded 
the first Royal Flying Corps squadron equipped with the DH-2. While 
flying one of these aircraft, he was shot down by the German ace Baron 
von Richthofen flying an Albatros fighter. The DH-2 was a great suc-
cess when introduced in the spring of 1916 but was outclassed by far 
superior German fighters by the time of Hawker's death in the late fall 
of 1916. The aircraft was belatedly withdrawn from combat in the 
summer of 1917. About 400 DH-2's were built.
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One of the truly great fighter aircraft of the early war years was 
introduced to combat by the French in March 1916. The Nieuport 17, 
illustrated in figure 2.4, was a development of earlier Nieuport fighters 
and was extensively used not only by the French but by the British, 
Belgians, Italians, and Russians. After entering the war, the United 
States also employed the aircraft as a trainer. Many well-known Allied 
aces flew the Nieuport 17: Albert Ball and William Avery Bishop of the 
British Royal Flying Corps and René Fonck and Charles Nungesser of 
France exemplify aces who earned at least part of their reputation while 
flying the Nieuport 17. At the time the aircraft was introduced into 
combat, a satisfactory gun synchronizing gear was not available, but the 
deficiency was overcome by mounting a machine gun, which fired over 
the propeller arc, on the top of the upper wing. This arrangement is 
employed on the Nieuport 17 replica shown in figure 2.5. Subsequent 
versions of the aircraft employed the overwing gun in combination with 
a single synchronized gun firing between the propeller blades, or by a 
single synchronized gun alone. This later configuration is employed on 
the aircraft shown in figure 2.4.

4 - 

Figure 2.4 - French .Vieuport 17 fighter; 1916. [National Archives via Martin

Copp] 

16



DESIGN EXPLORATION, 1914-18 

The Nieuport 17 was a very neat, clean-looking, strut-and-wire-
braced biplane powered by the 110-horsepower LeRhône 9J rotary 
engine. More properly, the configuration of the aircraft should be de-
scribed as a sesquiplane since the lower wing is of much smaller chord 
than the upper one. The single-spar lower wing was connected to the 
upper wing of this single-ba y biplane by V-t ype interplane struts. The 
small chord of the lower wing provided the pilot with excellent down-
ward visibility, which is the most probable reason for the sesquiplane 
layout. In earlier Nieuport fighters, the small, single-spar lower wing 
had shown a tendency toward structural weakness; this deficiency was 
apparently corrected in the model 17. Lateral control was provided by 
ailerons on the upper wing only. The tail assembly consisted of an all-
moving vertical surface, together with a fixed horizontal stabilizer 
equipped with a movable elevator. Construction was conventional 
wood framework covered with fabric, except for the tail which had a 
steel tube frame. 

The data in table I indicate the Nieuport 17 to have been a light 
aircraft with a good weight-power ratio, low drag area, and high maxi-

Figure 2.5 - French Vieuport 17 with wing-mounted gun; 1916. [Peter C. Boisseau] 
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mum lift-drag ratio. The maximum speed was 107 miles per hour at 
6500 feet. Comparing these characteristics, as well as the climb curves 
in figure 2.18, with those of the Fokker E-III and the DeHavilland 
DH-2 leaves little doubt of the superior qualities of the Nieuport 17. 
According to reference 23, this fighter was so well liked by the Allies that 
317 of them were still in front-line service in August 1917—a long 
operational life for a combat aircraft in an era in which new aircraft were 
being developed in a matter of months. 

The Two-Gun Fighter 
High on the list of great fighter aircraft of the first world war is the 

name Albatros. Beginning with the introduction to combat of the 
model D-I in August 1916, Albatros fighters served in the German Air 
Force until the armistice in November 1918. Introduced in January 
1917, the D-III and its refined variants the D-V and the D-Va were the 
best of the Albatros fighters and were produced in the greatest num-
bers. In November 1917, 446 D-111's and 556 D-V's and D-Va's were 
in service in combat squadrons with the German Air Force. Air superi-
ority was again in Germany's hands from the late fall of 1916 until mid-
summer of 1917. So great was the carnage inflicted on Allied aircraft 
by German pilots flying Albatros fighters that April 1917 is still re-
ferred to by aviation historians as "Bloody April." Among the famous 
German aces who flew Albatros fighters were Manfred von Richthofen, 
Ernst Udet, Bruno Loerzer, and Werner Voss. Although the name of 
Richthofen is usually associated with the Fokker triplane, he scored 
most of his 80 victories flying Albatros fighters (ref. 96). 

Two views of the Albatros D-III are shown in figures 2.6 and 2.7, 
and the characteristics of this version of the Albatros are given in table 
I. The D-III was a streamlined strut-and-wire-braced biplane that had 
V-type interplane struts connecting the small-chord lower wing to the 
upper wing. According to some sources, this arrangement was copied, 
at the insistence of the German Air Force, from the very successful 
Nieuport 17. Power was provided by a water-cooled, six-cylinder Mer-
cedes engine of 160 horsepower. Not evident in the photographs is the 
airfoil-shaped cooling radiator located in the upper wing. Water feed 
and return pipes connecting the engine to the radiator can, however, 
be seen. Also not visible in the photographs are the two fixed, forward-
facing machine guns synchronized to fire between the revolving blades 
of the propeller. The Albatros fighters were among the first biplanes to 
be armed in this way and may be thought of as setting a trend in 
fighter design which was to last for the next two decades. For example, 
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4 --- -	 - 
Figure 2.6 - German AIbaIro D-II1 lighter; 1917. [ukn via Martin Copp] 

Figure 2.7 -Side view of prototype .1/batros D-IllJighter. [Peter M. Bowers via 

AAHSI
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the U.S. Navy purchased its last biplane fighter with two forward-firing, 
synchronized guns in 1938. 

The Albatros had several structural features worthy of mention. Of 
particular interest is the fuselage, which was of semimonocoque con-
struction. The term "monocoque" comes from France and means 
single shell. Thus, the true monocoque fuselage consists of an outside 
shell, usually formed of plywood, which is held in shape by a number 
of transverse bulkheads contained within the shell. Louis Bechereau, a 
French designer, first employed plywood monocoque construction in 
the fuselage of the 1911 Deperdussion racing monoplane. A semi-
monocoque fuselage has, in addition to the transverse bulkheads, sev-
eral longitudinal members to enhance the stability, stiffness, and 
strength of the structure. This type of construction was strong, rigid, 
fairly light in weight, and provided a smooth, streamlined shape. In ad- 
dition, for a given outside diameter, a large usable internal fuselage di-
ameter was available. The smooth, rounded shape of the fuselage of 
the D-III can be seen in figures 2.6 and 2.7. Interesting details of the 
semimonocoque type of construction, including many photographs, are 
given in reference 91. A number of other German aircraft manufactur-
ers utilized this type of fuselage construction during the war years, and 
it will appear again on some of the racing aircraft of the 1920's (chap-
ter 3) and on the high-performance Lockheed aircraft of the late twen-
ties and early thirties (chapter 4). 

The wings , of the Albatros D-III were of conventional wood-frame 
construction covered with fabric. As in the Nieuport 17, the lower wing 
had only a single spar to which the V-type interplane struts were at-
tached. The struts themselves were streamlined steel tubes. Through-
out the life of the D-.III, D-V, and D-Va designs, despite several modi-
fications, the single-spar lower wing showed an inherent structural 
weakness that somewhat limited the performance of the aircraft. An ex-
amination of drawings of the lower wing (given in reference 91) shows 
that the single spar was located well behind the quarter-chord point 
(the approximate location of the aerodynamic center in the chordwise 
direction). This spar location suggests that the tendency of the wing to 
fail in high-speed dives was probably the result of aeroelastic diver-
gence, a phenomenon apparently not understood at the time the Alba-
tros fighters were developed. An increase in torsional stiffness or a re-
location of the wing elastic axis, or a combination of both, is the usual 
cure for divergence. A brief description of aeroelastic divergence is 
given in the discussion of swept wings in chapter 10. 
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Control of the Albatros D-III was provided by ailerons on the 
upper wings and by an aerodynamically balanced rudder and elevator 
on the tail surfaces. The fixed portion of the vertical tail was covered 
with plywood and had elements above and below the fuselage. The tail 
skid formed an extension of the lower, or ventral, part of the fin. The 
fixed portion of the horizontal tail, like most aircraft of the period, was 
not adjustable and thus could not be used to trim the aircraft longitudi-
nally while in flight. Accordingly, a constant push or pull on the con-
trol stick was necessary to maintain level flight at a constant speed and 
altitude. A rudimentary form of longitudinal "trim" system, consisting 
of a sliding collar on the control stick connected by a hinged link to the 
cockpit floor, was provided on the Albatros. A thumb-actuated set 
screw in the collar could be tightened, and the stick was then held in a 
fixed position; for brief periods, the pilot was then free to use both 
hands for other activities such as attempting to clear a jammed machine 
gun. The system is described and illustrated in reference 91. Informa-
tion on the handling characteristics of the Albatros is limited, but what 
has been found indicates that it was easy to fly, with no dangerous 
characteristics. 

A comparison of the data given in table I for the Albatros D-III 
and the Nieuport 17 leads to some interesting speculation. Although 
the D-III was heavier and had more wing area and a more powerful 
engine than the Nieuport, the values of the wing loading and the 
power loading for the two aircraft are not greatly different. Further-
more, the values of the zero-lift drag coefficient and the maximum lift-
drag ratio are about the same. These two aircraft can therefore be con-
sidered to have about equal aerodynamic efficiency and, accordingly, to 
exhibit about the same performance characteristics. In fact, the maxi-
mum speeds given in table I are about the same although the altitudes 
at which the speeds were measured are somewhat different. Since, for 
small altitude variations, the decrease in drag that accompanies the re-
duction in air density is about offset by the reduction in power with 
altitude, the speed comparison of the two aircraft in the table is valid. 
Values of the time required to climb to various altitudes are also about 
the same for the two aircraft at the lower altitudes, as shown by the 
data in figure 2.18; however, the climbing capability of the Albatros is 
clearly superior to that of the Nieuport above 10 000 feet. This plus 
the heavier armament of the Albatros are no doubt responsible for the 
generally accepted opinion that it was a more effective fighter than the 
Nieuport 17.
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The Triplane Phenomenon 
Mention of World War I aviation evokes in the minds of many a 

vision of a brightly painted red triplane handled with consummate skill 
by the "Red Baron" as he closes for the kill of another Allied airplane. 
The triplane was, of course, the Fokker model Dr.-I, and the pilot was 
the great German ace Rittmeister Manfred Freiher von Richthofen. The 
Fokker Dr.-1 was a manifestation of a design phenomenon that swept 
the aircraft industry in the period 1917-18. During that time, no less 
than 34 triplane prototypes were constructed and test-flown in Ger-
many (ref. 69). Other triplane prototypes were designed and tested by 
countries of the Allied Powers. 

In today's terminology, all this triplane activity may be classified as 
an overreaction to the introduction in early 1917 of the British Sopwith 
triplane. This aircraft, in the hands of a few excellent pilots of the Brit-
ish Royal Naval Air Service, quickly made an enviable reputation as a 
formidable fighter. Raymond Collishaw was perhaps the best-known 
British pilot to fly the Sopwith triplane. Less than 75 of these aircraft 
were employed in combat operations; but so favorable were the reports 
of German pilots who had fought against the aircraft, as well as those 
of a few pilots including von Richthofen who had flown captured ex- 
amples of the triplane, that the German government issued an invita- 
tion to industry for the submission of triplane prototypes for evaluation 
and indicated that production contracts would be forthcoming for de-
serving designs. Hence, the great triplane fad in Germany. Out of all 
this activity, the Fokker model Dr.-! triplane was the only type pro-
duced in quantity; approximately 320 were ordered in the summer of 
1917. The type was used in combat operations for about ! year but was 
employed by a relatively few elite squadrons of the German Air Force. 

A Fokker triplane replica is pictured in figure 2.8. The two wheels 
visible beneath the tail skid are not part of the aircraft but are attached 
to a dolly used for towing the aircraft on the ground. The Dr.-! was a 
small, light machine equipped with a !10-horsepower rotary engine 
and, as indicated by the data in table I, had a gross weight of only 1290 
pounds and a small upper wing of 23.7-foot span. 

Although inspired by the Sopwith triplane, the Fokker Dr.-! bore 
it no resemblance except for the three wings. The Sopwith employed a 
conventional strut-and-wire-braced wing arrangement, whereas the 
Fokker had no wire bracing between the wings and only a single strut 
connecting the lifting surfaces near the tips. These struts were in- 
tended to reduce wing vibration and flexing at high speed and did not ma- 
terially contribute to the static strength of the structure. Interestingly, 
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Figure 2.8 - German Fokker Dr-I triplane fighter,' 1917. [author's collection] 

the first Fokker triplane flew without any interplane struts at all. The 
wings themselves were cantilever; that is, they obtained their strength 
entirely from internal bracing. 

The radical departure of the Fokker Dr.-1 structure from contem-
porary aircraft design concepts was made possible by the use of wing 
airfoil sections much thicker than usual at the time. The mistaken 
notion that low wing drag could only be obtained with thin airfoil sec-
tions has been mentioned previously. The Fokker triplane and subse-
quent Fokker designs proved the incorrectness of the thin wing con-
cept. The Göttingen 298 airfoil section of 13-percent thickness ratio, 
employed on the Dr.-1, is shown in figure 2.9 in comparison with three 
thin airfoils of the World War I period. These sections were of 4- to 
5-percent thickness ratio. 

The wing structure of the Fokker Dr.-1 consisted of two closely 
spaced box spars connected at the top and bottom with plywood 
sheets; the resulting torque box provided great strength and stiffness. 
The ribs were made of plywood with lightening holes and shear braces, 
and the leading edges were partially covered with plywood back to the 
front spar. The entire wing, including the plywood leading edge, was 
covered with fabric. In common with many World War I aircraft, the 
trailing edge of the wing was formed from wire and usually assumed a 
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Eiffel 14, French 

R.A.F. 14, British 

Albatros, German 

Göttingen 298, German 

Figure 2.9 - Four examples of airfoil sections employed in wings of World War I 

airplanes. 

scalloped appearance after the fabric had been tightened with dope. 
Following standard Fokker practice, the fuselage, tail surfaces, and aile-
rons were constructed of welded steel tubing. Illustrative drawings of 
the structural details of the Dr.-! are given in reference 69. 

Large horn-balanced ailerons were employed only on the upper 
wing of the Fokker Dr.-1. The planform of this wing, including the ai-
lerons, is shown in figure 2.10 in comparison with upper wing plan-
form shapes of several of the other aircraft discussed here. The horn 
balance on the Dr.-1 wing is that portion of the aileron that extends 
outboard of the wing tip and forward of the aileron hinge line. The 
purpose of the balances, sometimes informally referred to as "elephant 
ears," was to reduce the aileron hinge moments, and thus the force 
that the pilot had to exert on the control stick to roll the aircraft. Ac-
cording to reference 72, the "raked" tips of the other planforms shown 
in the figure might be expected to have a small beneficial effect on the 
drag associated with the production of lift. 

The horizontal tail of the Fokker Dr.-! consisted of a fixed stabi-
lizer with large horn-balanced elevators. The vertical tail was an all-
moving unit, without a fixed fin, and was similar in design to that of 
the Fokker E-III. Other features to note in figure 2.8 are the skids 
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Albatros D-III 

Nieuport 17 

I	 1	 I


DeHavilland DH-2 

Fokker Dr.-1 

Figure 2.10 - Wing-planform shapes offour World War I fighter airplanes. 

under the tips of the lower wings and the small winglike fairing that 
enclosed the axle between the wheels of the landing gear. This fairing 
became something of a trademark on many later Fokker aircraft. 

The zero-lift drag coefficient of 0.0323 given in table I for the 
Fokker Dr.-1 was among the lowest of any of the World War I fighter 
aircraft analyzed, as was the drag area of 6.69 square feet. The maxi-
mum lift-drag ratio was a correspondingly high 8.0. The low zero-lift 
drag coefficient of the Fokker triplane was no doubt due in part to the 
relatively small surface area of the fuselage in relation to that of the 
wings. Another important ingredient contributing to the low drag of 
the aircraft was the absence of the multitude of bracing wires found be-
tween the wings on most other aircraft of that period. These wires, or 
cables, were often of round cross-sectional shape. On the basis of the 
drag coefficients given in reference 72, the drag in pounds of a 
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smooth, 0.25-inch-diameter wire at the speeds of World War I aircraft 
is the same as that of a strut of the same length having a 25-inch chord 
and an airfoil section of 10- or 12-percent thickness ratio. The wires, 
intended to take only loads in tension, were, of course, lighter than 
struts designed for the same purpose. The gain in efficiency associated 
with a design from which the wires are eliminated is obvious. A good 
description of the interplane bracing cables employed on the Albatros 
D-Va is given in reference 91. 

The speed of 103 miles per hour at 13 120 feet was not particu-
larly high (table I); most discussions of the Fokker Dr.-! in the literature 
indicate that the aircraft was slow but was highly maneuverable and had 
an outstandingly high rate of climb. The time-to-climb curves in figure 
2.18 indicate a climb performance for the Dr.-! that was far superior to 
that of the Albatros D-III and the Nieuport 17; in fact, it had a better 
rate of climb (indicated by the slope of the curve) than any of the other 
aircraft up to an altitude of between 8000 and 10 000 feet. Unfortu-
nately, these data, taken from reference 82, cannot be considered con-
clusive since data from other sources, for example reference 119, show 
much higher times to climb than indicated in figure 2.18. Two sets of 
climb data are given in reference 69; one set is in essential agreement 
with the data of figure 2.18, whereas the other is similar to that in ref-
erence 119. In an attempt to resolve this discrepancy, the sea-level 
rates of climb for the Dr.-1 were estimated for several different weights 
with the use of the methods given in chapter 6 of reference 90. The 
calculations showed that the climb data in figure 2.18 might have been 
achievable with a light fuel load, but not with full fuel tanks. The air-
craft weight for which the climb data of reference 82 apply is not 
known for any of the aircraft. The superior climbing capability of the 
Dr.-! must be attributed to the thick airfoil sections that allowed oper-
ation at the high lift coefficients required for optimum climbing per-
formance, not to the use of three wings instead of two. 

The triplane fighter of World War I must be considered as some-
thing of an aberration in the course of aeronautical development. The 
design trade-offs and reasoning underlying the concept of such an air-
craft are nowhere adequately explained in any of the reference docu-
ments. However, one might speculate along the following lines: FQr a 
given wing span and area, the effective aspect ratio (related to the drag 
associated with the production of lift) of a triplane is higher than that 
of a biplane or monoplane (ref. 103). Or, for a given aspect ratio, the 
span of a triplane can be less than that of a biplane or monoplane of 
the same wing area. Thus, the rolling inertia of the triplane can be less 
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than that of a biplane or monoplane. Greater maneuverability might, 
therefore, be obtainable with a triplane configuration. Further, the tri-
plane allows the wing area to be divided among three relatively 
narrow-chord wings, which may be arranged relative to the aircraft 
center of gravity in such a way as to provide the pilot with better visi-
bility than could be achieved with a comparable biplane. Finally, for a 
given level of longitudinal stability, the physical distance between the 
wings and the tail may be reduced on a triplane as compared with a 
biplane. 

The quantitative theoretical relationships between the drag-due-to-
lift of monoplanes, biplanes, and triplanes were not available in 1916; 
however, as indicated by references 27 and 79, empirical design data 
together with qualitative theoretical ideas were available in the litera-
ture. The possible and perhaps nebulous advantages of the triplane, 
however, could not prevail against the increased complication and cost 
of constructing three wings instead of two and later, when monoplanes 
were better understood, one. 

In any event, the Fokker triplane will remain an integral part of 
World War I aviation lore and will be discussed as long as that era is of 
interest. And inextricably interwoven with the Fokker triplane story is 
the name of the highest scoring ace of World War I - the legendary 
Baron von Richthofen. 

Fighters in 1918 

Discussed next are four fighter aircraft that served with distinction 
in front-line combat operations until the termination of hostilities in 
November 1918. Three of these aircraft, the French SPAD XIII and the 
British Sopwith Camel and Dolphin, were strut-and-wire-braced bi-
planes that had a conventional wood-frame structure covered with 
fabric. The fourth, the German Fokker D-VII biplane, had internally 
braced cantilever wings like the Fokker triplane, together with a typical 
Fokker welded steel tube fuselage. 

Sopwith Camel 

The Sopwith Camel evolved from the earlier Sopwith Pup and, as 
can be seen in figure 2.11, was an awkward-looking single-bay biplane 
powered with a rotary engine. It was the first British fighter with two 
forward-firing, synchronized machine guns. A small metal fairing co y-
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Figure 2.11 - British Sopwzth F.1 Came/fighter, 1917. [William F. Larkins via 

AAHS] 

ered a portion of the guns, which gave the fuselage a humped appear-
ance when viewed from the side. This hump coupled with the large di-
hedral angle of the lower wing and the flat upper wing are allegedly 
responsible for the name "Camel." The aircraft first began combat op-
erations in July 1917 and was a front-line combat aircraft until the ar-
mistice in November 1918. Camels accounted for the destruction of 
more enemy aircraft than any other Allied fighter of the war - a total 
of 1294. Production of the Camel amounted to 5490 aircraft. 

The flat upper wing of the Camel was dictated by a desire for pro-
duction simplicity. The original intention was to construct the wing in 
one piece, although in production it was made in three pieces. The di-
hedral of the lower wing was accordingly made sufficientl y large to 
compensate for the flat upper wing. The Camel utilized a relatively new 
innovation in wing-bracing wires. From a study of references 100 and 
110 and an examination of detailed drawings of the Sopwith Dolphin, 
streamline wires were used for bracing on both the Camel and the Dol-
phin. (Streamline wires have a cross-sectional shape much like a sym-
metrical airfoil section.) Such wires were developed by the Royal Air-
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craft Factory at Farnborough, England and were first flown experimen-
tally on the SE-4 in 1914 (ref. 39). The Sopwith Pup and triplane, both 
of which entered service in 1916, also had streamline bracing wires. 
The advantage in drag reduction of using this type of wire rather than 
the usual round wire is great; there is a factor of about 10 between the 
drag coefficients of the two types of wire. Yet, no significant use was 
made of this improved type of wire during the war except by British 
aircraft manufacturers. Because streamline wire was first developed at 
Farnborough, it was known as Rafwire. 

The Camel was produced with a number of different power plants 
of varying horsepower; the greatest number of aircraft, however, had 
the Clerget 9B nine-cylinder rotary engine of 130 horsepower. Charac-
teristics of the Sopwith F.1 Camel equipped with this engine are given 
in table I. 

The Camel was a small, relatively light aircraft with a gross weight 
of only 1482 pounds. Its maximum speed of 105 miles per hour at 
10 000 feet was not particularly fast, and its zero-lift drag coefficient 
and maximum lift-drag ratio do not suggest a very outstanding aircraft. 
The climb data given in figure 2.18 show that the Camel performed 
better than the Albatros D-III, but not so well as some of the other 
aircraft for which data are shown. 

All the reference literature, however, credit the Camel with having 
superb maneuverability. Some of the agility displayed by the Camel is 
usually attributed to the Sopwith practice of locating the concentrated 
weights in the aircraft—pilot, engine, guns, and fuel—in close prox-
imity to each other. Thus in the Camel the pilot's feet were beneath the 
rear components of the engine, the guns were over his legs, and the 
fuel tank was immediately behind his back in the fuselage. Some idea of 
the bunching together of these elements around the pilot is suggested 
by figure 2.12, where a present-day pilot is shown sitting in the cockpit 
of a Sopwith Camel replica. Certainly, the pilot was not seated in a very 
favorable position to withstand the effects of a serious crash. 

In the hands of a skillful pilot, the Camel was a formidable 
weapon. Unfortunately, the flying careers of many mediocre or student 
pilots were ended abruptly and fatally as a result of the bizarre han-
dling characteristics of the aircraft. In combination with the aerody-
namic characteristics of the aircraft itself, the torque and gyroscopic 
moments associated with the heavy rotating engine gave an incredibly 
fast turning capability but, at the same time, were responsible for the 
peculiar handling characteristics of the aircraft. The confusing way in 
which the controls had to be manipulated in left- and right-hand turns 
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Figure 2.12—Pilot in cockpit of a 
replica Sopwith Camel. Flt. Intl.] 

provides an example of these characteristics. Based on the information 
contained in appendix II of reference 100 for the later Sopwith Snipe, 
the gyroscopic action of the engine caused a nose-up moment in a left 
turn and a nose-down moment in a right turn. Accordingly, left stick, a 
large amount of left rudder, and moderate back stick were required in 
a steep left turn; too much back stick caused the aircraft to stall and 
spin. Right stick, a moderate amount of left rudder, and full back stick 
were required in a steep right turn. There seems little doubt that these 
odd control techniques could cause confusion and indecision on the 
part of an inexperienced pilot. 

The Sopwith Camel has been called the most loved and the most 
hated aircraft of World War I, loved b y those who mastered it and ex-
ploited its peculiarities and hated by those who did not. The outstand-
ing dogfighting capabilit y of the Camel together with the record 
number of German aircraft it destroyed give it an honored place in the 
World War I aircraft hail of fame. If this were not enough, one version 
of von Richthofen's last fight has a relatively obscure Canadian ace, 
Captain A. Ro y Brown, shooting down the famous baron while flying 

a Sopwith Camel. 
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SPA  XIII 

SPAD was the acronym of the French aircraft company Societe 
pour Aviation et les Derieves, headed by famed aviation pioneer Louis 
Bleriot, which produced a line of highly successful fighter aircraft in 
World War I. The SPAD model XIII C. 1 is the subject of the following 
discussion. 

The SPAD XIII descended from the earlier model VII which first 
entered combat in the fall of 1916. In contrast to the earlier aircraft, 
the model XIII was somewhat larger, had a more powerful engine, and 
was equipped with two synchronized machine guns rather than one. It 
entered combat in the fall of 1917 and served with the air forces of 
most of the Allied Nations, including the United States. Many famous 
aces flew the SPAD, but to Americans the best known was Captain 
Edward V. Rickenbacker, the top scoring U.S. ace of the First World 
War. A SPAD XIII in the markings of the 94th Pursuit Squadron of the 
American Expeditionary Force is shown in figure 2.13; the officer 
shown is Captain Rickenbacker. 

4;	 ;.• 
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Figure 2.13 - French SPAD XIII C. I fighter; 1917. Captain Edward V Rickenbacker 


is in front of the airplane. [USAF]
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Figure 2.13 depicts a stubby but graceful-looking biplane with 
wings of equal chord and span, configured with no stagger and rela-
tively small gap. The small gap in combination with the center cutout 
of the upper wing gave the pilot excellent visibility over the top of the 
wing. The design appears to be that of a double-bay biplane; however, 
the inner struts served only to stabilize the rather long wing-bracing 
wires and prevent their flapping and chaffing (ref. 22). The wires them-
selves consisted of round cables. The cockpit was close behind the 
engine with the pilot's feet and part of his legs located in aluminum 
tunnels beneath the engine (ref. 110). The landing gear was positioned 
well forward, ahead of the center of gravity, to minimize the risk of a 
nose-over on landing. Ailerons were on the upper wing only, and, as 
with the other aircraft described, no means of longitudinal trim was 
provided. 

The SPAD XIII was powered with the Hispano-Suiza 8BA engine 
of 220 horsepower. The engine had eight water-cooled cylinders in two 
banks of four arranged in a V-type configuration, much like that of 
many modern automobile engines. The distinctive round radiator, 
equipped with manually operated (from the cockpit) shutters for con-
trolling the cooling airflow, may be seen in figure 2.13. Long exhaust 
pipes ran on either side of the fuselage and terminated behind the 
pilot's cockpit. This arrangement resulted in a relatively quiet environ-
ment for the pilot (ref. 110). In an interesting survey of aircraft piston 
engine development, Taylor (ref. 111) credits the Hispano-Suiza with 
being one of the best and most advanced engines of World War I, as 
well as one that served as a sort of progenitor for a long line of Curtiss 
and Rolls-Royce liquid-cooled engines that culminated in the Rolls-
Royce Merlin of World War II. 

The data in table I indicate that the SPAD XIII had the most favor-
able power loading of any of the aircraft considered and a high (for its 
day) wing loading. These characteristics coupled with a relatively low 
zero-lift drag coefficient and low drag area gave the SPAD the highest 
speed of any of the aircraft listed in the table. As shown by the data in 
figure 2.18, the climb characteristics of the SPAD were bettered only by 
three of the Fokker aircraft. 

The reference literature suggests that the SPAD XIII was not as 
maneuverable as some of the other fighters, but its high performance, 
great strength, and multigun armament made it a highly effective 
weapon. Its ability to dive steeply for prolonged periods of time with-
out fear of structural failure is emphasized in all the reference material. 
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Piloting the aircraft required care, particularly at low speeds, and the 
use of moderate amounts of power was recommended in landing. 

Although the SPAD XIII incorporated no new technical innova-
tions, it synergistically combined an airframe of relatively high aerody-
namic efficiency and great structural strength with an excellent engine 
to produce an outstanding aircraft. It may be regarded as representa-
tive of the top of the state of the art of a 1918 fighter aircraft equipped 
with thin, strut-and-wire-braced wings. The SPAD was so highly re-
garded that a number of countries maintained the aircraft as part of their 
active air force inventory for several years following the war. A total of 
8472 SPAD XIII aircraft were manufactured. 

Fokker D- VII 
In the early 1970's, the U.S. Air Force announced with much fan-

fare a flyoff competition between prototypes of a new lightweight 
fighter aircraft. The resulting competition involved several years of re-
search, engineering, and detailed flight evaluation before a winner was 
announced, the General Dynamics F-16. There was no novelty about 
the Air Force's prototype competition; it is a time-honored method of 
selecting military aircraft. The date of the first such competition is un-
known, but one of the most renowned of German World War I fight-
ers, the Fokker D-VII, was selected for full-scale production after being 
chosen the winner from about 30 competing prototypes. The time was 
late January 1918, and the place was Aldershof Airfield near Berlin. 

As an indication of the speed with which prototype fighter aircraft 
could be developed at that time, Fokker alone entered no less than 
nine different types. Each of the competing aircraft was demonstrated 
by the manufacturer and then evaluated by well-known front-line pilots. 
The Fokker D-VII was the unanimous winner of the competition and 
first entered combat in April 1918 - an indication of the rapidity with 
which the unsophisticated aircraft of that era could be developed from 
prototype to combat readiness. Over 800 model D-VII aircraft were in 
front-line operations by mid-August 1918. 

The Fokker D-VII is illustrated in figure 2.14 and, as can be seen, 
was a squarish-looking biplane equipped with an in-line engine and an 
automobile-type radiator located in the nose. The most advanced fea-
ture of the aircraft was the use of internally braced cantilever wings 
that had thick airfoil sections and a wooden structure similar to that 
previously described for the Fokker triplane. The thick wings were re-
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Figure 2.14 - Ceiiiaii Fokker B-I ii fighter; 1918. [Merle Omstead via Martin

Copp] 

sponsible for many of the fine characteristics of the aircraft. The aile-
rons, located on the upper wing onl y , as well as the elevator and 
rudder had horn balances to reduce control forces. The winglike fair-
ing between the wheels is also evident in figure 2.14; one experimental 
version of the D-VII had a fuel tank located in this fairing to reduce 
the fire hazard. The production aircraft was powered with either a Mer-
cedes 160-horsepower engine or a BMW 185-horsepower engine. Both 
engines were six-cylinder, in-line, water-cooled t ypes. The BMW was 
the preferred engine, however, as the aircraft proved to be somewhat 
underpowered when equipped with the Mercedes (ref. 112). 

The Fokker D_\TII was the heaviest of the fighters considered here 
and had wing loading and power loading values greater than those of 
the SPAD XIII. The power loading was in fact no lower than that of 
the Sopwith Camel, and the wing loading was higher. On the basis of 
these comparisons, the climb performance of the D-VII might be ex-
pected, according to the relationships given in chapter 6 of reference 
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90, to be inferior to that of both the SPAD XIII and the Sopwith 
Camel. On the contrary, the data in figure 2.18 show the D-VII to have 
much better climb performance then either of the other two aircraft. 
Brief calculations of the sea-level rate of climb by the methods in refer-
ence 90 indicate that the climb data for the Fokker D-VII are reasona-
ble but that the SPAD should have had much better climb performance 
than indicated in figure 2.18. The explanation can no doubt be attrib-
uted, as mentioned for the triplane, to the thicker airfoil sections em-
ployed in the wings of the D-VII. The climb analysis showed that the 
maximum rate of climb could be achieved at lift coefficients of about 
1.1 and 1.0 for the Fokker and the SPAD, respectively. The thick-wing 
D-VII could probably be flown with comfort at the required lift coeffi-
cient for maximum rate of climb, whereas the SPAD most likely could 
not. In fact, a lift coefficient of 1.0 might have been beyond the maxi-
mum value achievable by the SPAD XIII with its thin wings. 

In other respects, the performance of the Fokker D-VII was good 
but not outstanding. The maximum speed of 124 miles per hour was 
not as high as that of the SPAD. This would be expected since the ratio 
of power-to-drag area was lower for the Fokker. The value of the maxi-
mum lift-drag ratio of the D-VII, however, was about 10 percent 
higher than that of the SPAD, which can be attributed to the higher 
aspect ratio of the Fokker wing configuration. 

Not expressed by the data in table I were the superb handling 
characteristics that all the reference documents attribute to the Fokker 
D-VII. The aircraft was highly responsive, with light control forces; yet, 
unlike the Camel, it had no vices or contrary tendencies, and it could 
be flown with confidence throughout its flight envelope. Hence, the 
aircraft could be handled competently and safely by relatively inexperi-
enced pilots and superbly by experienced ones. Frank Tallman clearly 
regarded the D-VII as the most outstanding of the World War I fighter 
aircraft he had the opportunity to fly (ref. 110). 

Perhaps the greatest tribute to the D-VII can be found in article 
IV of the armistice agreement, which lists war material to be handed 
over to the Allies and specifically mentions all aircraft of the D-VII 
type - the only aircraft to be specifically cited in the armistice agree-
ment. Certainly, this was a strong endorsement of the capabilities of 
the young Dutch designer, test pilot, and entrepreneur Anthony 
Herman Gerard Fokker, who provided the German Air Force with so 
many excellent aircraft . . . after being told by the Allied Powers that 
his services were not wanted (ref. 50).
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Sopwith Dolphin 

Unlike the SPAD XIII and the Fokker D-VII, the Sopwith Dolphin 
cannot be regarded as one of the great fighter aircraft of World War I, 
but it is included here as an illustration of one of the many unusual 
designs developed during that turbulent era. The aircraft is shown in 
figure 2.15. At first glance, the Dolphin appears to be a conventional 
double-bay biplane equipped with an in-line engine. A closer look,. 
however, discloses that the wings are configured in an unorthodox 
fashion, with the lower wing located ahead of the upper wing. An air-
craft with this wing arrangement is described as having negative stag-
ger. The earlier DeHavilland DH-5 (a limited success) had this wing 
arrangement, as did the well-known Beech model 17 which appeared 
about 15 years after the Dolphin. (See chapter 4.) 

The wing arrangement of the Dolphin was dictated solely by a 
desire to give the pilot improved visibility in the forward, upward, and 
rearward directions. Following the usual Sopwith practice of locating 
the concentrated masses in close proximity to each other, the pilot was 
positioned immediately behind the eight-cylinder Hispano-Suiza 
engine, with his feet actually resting on the rudder bar beneath the rear 
part of the crankcase. As in the Camel, the fuel tank was in the fuselage 
immediately behind the cockpit. To overcome the poor visibility of the 
Camel, the top wing of the Dolphin was located close to the fuselage so 
that the pilot's head protruded through a large cutout in the wing near 
the leading edge; this cutout can be seen in figure 2.15. Positioning the 
aerodynamic center in the proper relation to the aircraft center of grav-
ity made it necessary to place the lower wing ahead of the upper wing, 
which was located relatively far back from the nose. The negative stag-
ger configuration was the result. 

The wing configuration of the Dolphin undoubtedly gave the pilot 
excellent visibility but held certain undesirable pitfalls as well. Should 
the aircraft turn onto its back in an accident, the entire weight of the 
aircraft might come to rest on the top of his head. Should he be able to 
duck his head in time to avoid this unpleasant possibility, the proximity 
of the upper wing to the fuselage, together with the cabane struts and 
wires on either side of the cockpit, effectively trapped him in the air-
craft between a large engine in front and a fuel tank in back. As if this 
were not enough, the butts of the two forward-firing, synchronized ma-
chine guns protruded into the cockpit and, in addition, one or two 
semiflexible guns were usually mounted on the leading edge of the wing 
and fired at angles of 450 or more over the propeller. These guns also 
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Figure 2.15 - British Sopwith 5F. I Dolphin fighter; 1918. [ukn via Martin Copp] 

protruded into the cockpit. (The flexible guns are not mounted on the 
aircraft shown in figure 2.15.) Understandably, pilots were not entirely 
happy when posted to squadrons equipped with the Dolphin. Various 
methods of protecting the pilot in case of an accident, including "roll 
bars," were investigated, but no such device was universally incor-
porated on production aircraft. 

The first prototype Dolphin had a radiator located in front of the 
engine, automobile style, but this installation greatly restricted visibility 
in landing. The single nose radiator was then replaced with two small 
radiators located on either side of the fuselage, just to the rear of the 
cockpit. These radiators can be seen in figure 2.15. The pipes connect-
ing the radiators to the engine passed through the cockpit on each 
side. One Dolphin pilot described how the pipes were used as "hand 
warmers" during flight at high altitudes. While the control stick was 
held with one hand, the other glove-encased hand grasped the water 
pipe until it was warm, after which the pilot flew the aircraft with the 
warm hand while holding the pipe on the opposite side of the cockpit 
with his other hand (so said the late Charles E. Walton, formerly of No. 
23 Squadron of the Royal Air Force, in conversation with the author). 
Such a story becomes believable in view of the temperatures of 00 F and 
below encountered at altitudes of 15 000 feet and above, even on a 
warm summer day.
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According to the data given in table I, the Dolphin was a large, 
heavy fighter with a gross weight of 1911 pounds and a wing area of 
263 square feet. The maximum speed was a very credible 128 miles per 
hour at 10 000 feet but was somewhat less that that of the SPAD. The 
climb results in figure 2.18 show a performance improvement of the 
Dolphin at the higher altitudes, as compared with the Camel, but the 
Dolphin was inferior at all altitudes to the SPAD XIII and the Fokker 
D-VII. Most references to the Dolphin allude to its excellent high-alti-
tude capability, but the results shown do not support this contention. 
Data in reference 31, however, show a much improved climb capability 
when later versions of the aircraft were equipped with a more powerful 
300-horsepower engine. The flying qualities of the aircraft apparently 
had no treacherous tendencies but were characterized by fairly heavy 
control forces and relatively slow response. 

The Dolphin first flew in June 1917 and entered combat in squad-
ron strength in January 1918. A total of 2150 Dolphins were ordered, 
but only 1532 were delivered by the end of the war. Not many combat 
squadrons were equipped with the aircraft. That the Dolphin was 
thought well of is indicated by the expressed intention of the French to 
build under license a 300-horsepower version of the aircraft for use by 
their air force. 

Reappearance of the Monoplane Fighter 
The German Air Force sponsored another flyoff fighter competi-

tion at Aldershof in June 1918. Twelve companies entered 25 proto-
types; of these, 5 were Fokker monoplanes. The Fokker D-VIII mono-
plane was the overall winner, and a production order was placed for 
400 of them. A second aircraft, the Junkers D-I, also received a limited 
production contract. Both of these aircraft arrived on the scene too 
late to make any sort of reputation in combat, but both are included 
in the present discussion because of their technical significance. The 
Fokker D-VIII and the Junkers D-I are shown in figures 2.16 and 2.17, 
respectively. 

The configuration of the Fokker D-VIII is known as a parasol 
monoplane. This type is characterized by a single wing supported 
above the fuselage by an arrangement of cabane struts and has the ad-
vantage of giving the pilot good downward visibility, as compared with 
a midwing or low-wing design, but has the disadvantage of the drag-
producing cabane struts. Like the wings of the Fokker D-VII and the 
Fokker triplane, the thick wing of the D-VIII was internally braced and 
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Figure 2.16 - uGerman Fokker !-I/I! /i'hfrr: I	 [USAF via Martin Copp] I 

_____	 '#- .,-	 , 

Figure 2.17—German Junkers D-I all-metal fighter; 1918. [ukn via Martin Copp]
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full cantilever. Unlike the earlier aircraft, however, the D-VIII wing was 
covered entirely with plywood, which gave it great strength and ri-
gidity. Also, it was one of the few wings of the World War I period to be 
tapered in both planform and thickness ratio. Wing taper not only in-
creases aerodynamic efficiency but also structural efficiency, especially 
for a cantilever wing, since taper reduces the wing weight and root-
bending stress for a given wing area. Wing damping in roll is also re-
duced by wing taper; this means a higher rate of roll for a given aile-
ron-supplied rolling moment. The D-VIII wing, scaled to various sizes, 
was used on Fokker aircraft for many years (ref. 38). 

The fuselage and tail structure were of typical Fokker design and 
consisted of welded steel frames covered with fabric. Power was sup-
plied by an Oberursel rotary engine of 110 horsepower, which was the 
same engine that powered the earlier Fokker triplane. At 1238 pounds, 
the gross weight of the D-VIII was slightly less than that of the triplane 
and about the same as that of the Nieuport 17. 

The maximum speed of the D-VIII was a modest 114 miles per 
hour at 6500 feet, but the climbing capability of the aircraft, shown by 
the data in figure 2.18, was outstanding. As discussed in connection 
with the triplane and the D-VII, the superb climbing performance of 
the D-VIII was due in large measure to the thick airfoil sections uti-
lized in the wing. The small wing area with respect to the fuselage and 
tail area is partly responsible for the high zero-lift drag coefficient of 
0.0552. Other important contributors to the high drag coefficient are 
the complex arrangement of cabane struts,/fixed landing gear with 
large unstreamlined wheels, and open cockpit. Truly low drag coeffi-
cients can only be achieved when, in addition to cantilever wings, all 
these other drag-producing elements are eliminated and very careful 
attention is given to detailed design and refinement. This synergistic 
combination was finally achieved in the time period between 1930 and 
1940. (See chapter 4.) To put the drag coefficient of the D-VIII in per-
spective, the value of this coefficient for a modern general aviation air-
craft, the Beech Bonanza, is 0.0192. 

Although the Fokker D-VIII is of technical interest because of its 
wing design, the data do not seem to indicate that the aircraft repre-
sented any significant improvement over the D-VII. The 145-horse-
power Oberursel rotary engine was intended as a replacement for the 
110-horsepower unit but was not manufactured in sufficient quantity to 
allow its use on production aircraft. Flight tests of an experimental 
model of the D-VIII equipped with the larger engine showed much 
better performance than indicated by the data in table I. 
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Figure 2.18 - Time required to climb to various altitudes for 11 World War I fighters. 

[data from ref. 82] 

No discussion of the Fokker D-VIII would be complete without 
mention of the structural problem encountered with the wing. Some 20 
aircraft were delivered in late July 1918, but in a fairly short time, sev-
eral were lost in flight as a result of structural failure of the wings. Al-
though some disagreement as to the cause of these failures can be 
found in the literature, the account given by Fokker in his autobiogra-
phy (ref. 50) seems reasonable. According to his account, the technical 
department of the German Air Force required that the rear wing spar 
of the production aircraft be strengthened to conform with design rules 
established for aircraft with conventional strut-and-wire-braced wings. 
In modern terminology, the elastic axis of the cantilever wing (the 
chordwise location of the axis about which the wing twists) was moved 
rearward, with the result that the wing diverged, or twisted off, at -a 
certain critical speed that varied with altitude. (See chapter 10.) Once 
the wing design reverted to the original rear spar size, the elastic axis 
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was moved forward and no further difficulty was encountered. Wing di-
vergence and flutter are well understood today but were something of 
a mystery for many years. An understanding of these phenomena is 
particularly important in the design of structurally sound cantilever 
wings. Such wings were regarded with grave suspicion for a long time 
because of problems such as those encountered with the D-VIII and 
other aircraft having cantilever wings. The Fokker D-VIII returned to 
combat operations in October 1918, and 85 were in use at the time of 
the armistice. A total of 381 examples of the aircraft, known informally 
as the Flying Razor, were delivered. 

The configuration of the Junkers D-I monoplane fighter (fig. 2.17) 
was modern in appearance and featured a thick, full cantilever wing 
mounted in the low position at the bottom of the fuselage. Although 
not apparent in the photograph, the wing tapered in thickness ratio 
from approximately 17 percent at the root to about 12 percent at the 
tip, but was untapered in planform. The airfoil thickness ratio at the 
root was greater than that of any of the airfoil sections employed on 
the Fokker fighters. Other features to note on the aircraft are the 185-
horsepower BMW engine with nose-mounted radiator, the all-moving 
vertical tail, and the roll bar located behind the cockpit to protect the 
pilot's head if the aircraft nosed over onto its back.	 - 

The most interesting aspect of the D-I was its all-metal structure. 
Professor Hugo Junkers was an early advocate of all-metal aircraft 
structures; the D-I was one of his early successful monoplane designs. 
The internal structure was made up of riveted aluminum alloy tubing 
that was covered with corrugated sheets of the same material. Most of 
the strength resided in the internal structure, with the corrugations in 
the covering providing local panel stiffness; the torsional stiffness of 
the wings was also enhanced by the metal covering. The type of con-
struction employed in the D-I was relatively heavy but had great dura-
bility and was used in the design of many Junkers aircraft until well 
into the 1930's. In the United States, the famous Ford trimotor em-
ployed the Junkers type of structural design. (See chapter 4.) 

The durability of the all-metal structure was one of its most attrac-
tive attributes. The types of cloth with dope finishes used on most 
World War I aircraft deteriorated rapidly, apparently a result of light of 
certain wave lengths in the Sun's spectrum. A great deal of study was 
given to finding means for protecting aircraft covering. Certain types of 
dope or paint were found to offer more protection from the Sun than 
others (ref. 39). Wooden wings, such as employed on the D-VIII and 
later Fokker designs, were subject to delamination, rot, and deteriora-
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tion of glue joints. All these factors highlighted the advantages of all-
metal construction, although the strut-and-wire-braced biplane covered 
with fabric continued, at that time, to give the lightest weight for a 
given strength. 

The Junkers D-I had a relatively high zero-lift drag coefficient of 
0.0612, due in part to reasons similar to those outlined for the Fokker 
D-VIII. In addition, the corrugations in the covering increased the 
wetted area (the surface area exposed to the airstream) by 20 to 40 
percent (ref. 72); this increase is not accounted for in the conventional 
method of defining the drag coefficient. The maximum lift-drag ratio 
was a poor 7.0, which compares quite unfavorably with the value of 8.1 
for the Fokker models D-VII and D-VIII, and 9.2 for the Sopwith Dol-
phin. The maximum speed quoted for the D-I varies from 115 to 149 
miles per hour depending upon the reference consulted. A value of 
119 miles per hour is listed here and is thought to be close to the max-
imum speed achieved. The climbing performance of the aircraft was 
about the same as that of the Sopwith Dolphin. The advantages of the 
thick wing apparently could not overcome the disadvantages of the 
high wing loading, high power loading, and the high zero-lift drag 
coefficient. 

Forty-one Junkers D-I fighters were built, but apparently none saw 
combat service. 

Fighter Progress, 1914-18 
By the end of World War I, the fighter airplane had progressed 

from a flimsy, low-performance, and clumsy vehicle to a highly effective 
aircraft. Many configuration types were tried in combat, but the strut-
and-wire-braced biplane equipped with two synchronized machine guns 
firing between the rotating propeller blades set a pattern in fighter 
design that lasted until the mid-1930's. Although the thick cantilever 
wing was successfully employed by Fokker, the concept was not widely 
used until the monoplane fighter became the standard configuration 
type just prior to World War II. 

Engine power and reliability increased during the World War I 
period, as did aircraft structural strength and reliability. Detailed air-
craft stress analysis, unusual in 1914, had become common design 
practice by 1918, and a fairly comprehensive body of aerodynamic data 
was available to the designer. Aircraft control and handling charac-
teristics, though largely a matter of cut-and-try experimentation, also 
greatly improved during the 4-year period.
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Aircraft performance improvements can easily be shown in a quan-
titative way by graphical means. The large improvements in climbing 
performance have already been discussed with the use of the time-to-
climb curves given in figure 2.18. A more favorable relationship be-
tween the wing loading and power loading together with higher aero-
dynamic efficiency were responsible for much of the improved climb 
performance realized from 1914 to 1918. The importance of the thick 
airfoil sections employed by Fokker and Junkers in allowing the aircraft 
to climb at its optimum lift coefficient has also been indicated. 

The trend in speed capability is shown in figure 2.19, in which the 
maximum speed Vmax is plotted against the power parameter H, which 
is the cube root of the ratio of engine power to drag area (ref. 90). 
Since the speeds in table I are not all specified at the same altitude, the 
parameter H contains an adjustment for the effect of altitude on drag 
and maximum available power as follows: 

fi= 3 V"o 

where Po is the maximum power available at sea level, f is the drag 
area, a- is the atmospheric density ratio for the given altitude, and 7 is 
the percentage of maximum sea-level power available at that altitude. 
The values of both a- and y were obtained from reference 90. 

The method of presenting the speed data assumes that the drag 
due to lift is a small fraction of the total drag for the maximum-speed 
flight condition and that the propeller efficiency is about the same for 
the different aircraft. The near linear correlation of the data in figure 
2.19 shows these to be good assumptions in most cases. In the 4-year 
period of World War I, the maximum speed of fighter aircraft in-
creased from 87 to 134 miles per hour - or expressed another way, 
the maximum speed increased by 54 percent. This increase in achieva-
ble maximum speed resulted from a reduction in drag area, that is, 
more efficient aerodynamic design, and from increased engine power. 
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Figure 2.19 - Variation of maximum speed with power parameter H. 

For example, numerical values for the Fokker E-III and the SPAD XIII, 
based on data from table I, illustrate the point as follows: 

Aircraft Po f 

Fokker E-III 
SPAD XIII C.1

100 
220

12.61 
8.33

1.99 
2.98

For sea-level conditions. 

In comparing the values of the two aircraft, the SPAD has over twice 
the power but only 65 percent of the drag area of the Fokker. The 
quest for high performance has always been exemplified by vigorous 
efforts to increase both aerodynamic efficiency and power. For exam-
ple, the drag area and power of the World War II North American 
P-51 fighter (chapter 5) were 3.75 square feet and 1490 horsepower, re-
spectively. The corresponding value of H was 7.35. Compare these 
numbers with those for the Fokker and the SPAD!
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Aircraft structural efficiency is also of great interest and can be 
thought of in terms of the minimum weight structure needed to meet 
required strength and stiffness criteria. Simple methods of adequately 
illustrating trends in structural efficiency are difficult to define. One 
fairly simple but relatively crude approach was presented by Wilson in 
reference 122 and was later used in reference 90. Correlations in refer-
ence 122, augmented by the present writer with a great deal of new 
data, show that the sum of the weights of the payload, fuel, and propul-
sion system tends to be nearly a constant fraction of the gross weight 
in well-designed aircraft regardless of the method of construction or 
era in which the aircraft was designed. Put another way, the useful load 
fraction 1 (We/Wg) should correlate closely with the engine weight 
fraction Wt/Wg, where W g is the gross weight, We is the empty weight, 
and W t is the propulsion-system weight. 

The useful load fraction is plotted as a function of the engine 
weight fraction in figure 2.20 for the 11 fighter aircraft discussed in 
this chapter. The empty and gross weights are given in table I; the 
engine weights are based on data contained in reference 24. The dry 
engine weights given in reference 24 for the water-cooled engines were 
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Figure 2.20 - Aircraft useful load fraction as function of engine weight fraction.
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increased by 10 percent to account for the weight of the radiator and 
associated plumbing system and the cooling water. 

Seven of the aircraft show a close correlation between the useful 
load and engine weight fractions. A relatively consistent level of struc-
tural efficiency is accordingly suggested. Four of the aircraft, however, 
show values of the useful load fraction significantly below the straight-
line fairing through the data for the other aircraft. The four aircraft 
with reduced structural efficiency were the all-metal Junkers D-1, the 
Albatros D-III with its semimonocoque wooden fuselage, the Fokker 
Dr.-! with its three wings, and the Sopwith Dolphin. The reduced 
values of useful load fraction are perhaps explainable by unique fea-
tures incorporated in three of these aircraft, but there seems to be no 
clear reasons for the high empty weight of the Sopwith Dolphin. 

This discussion of design and performance trends concludes the 
section on World War I fighter aircraft. Attention is now focused on 
multiengine bombers of that era. 

Heavy Bombers 
Most types of World War I aircraft, including fighters, were used 

at one time or another for tactical or ground-support bombing oper-
ations. The heavy bombers discussed in this section are what would be 
called strategic bombers in present-day terminology. They were used 
for bombing such targets as docks and harbor installations, rail yards, 
factories, and cities. The mission of these aircraft required them to 
have sufficient radius of action and payload capability to deliver a sig-
nificant bomb load on a variety of targets and to carry enough defen-
sive armament to offer a reasonable probability of mission success and 
safe return to base. Heavy bombers were used singly and in formations 
of several aircraft, on both day and night missions. Speed, maneuver-
ability, and rate of climb were of secondary importance although a high 
ceiling was considered desirable. 

The mission requirements for heavy bombers led to large, heavy 
(for that time period) .multiengine aircraft just as they do today. Gross 
weights varied widely but usually fell in the range from 8000 to 16 000 
pounds, and some of the German special-purpose R-planes weighed 
over 30 000 pounds (ref. 68). Two engines were used on most designs, 
although examples can be found of aircraft with three, four, and five 
engines. Most of the aircraft were multibay strut-and-wire-braced bi-
planes; however, several triplanes appeared, one of which is described 
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herein. At war's end, there were several German designs for highly ad-
vanced monoplane bombers that incorporated thick, cantilever wings 
(ref. 68). Construction of most heavy bombers consisted of a conven-
tional wood framework covered with fabric. 

The first of the large, heavy bombers was the Sikorsky Ilya Muro-
mets, which first flew in February 1914. Caproni, Gotha, Friedrichsha-
fen, A.E.G., Handley Page, and Vickers are a few other names that will 
be forever linked with the large, heavy bombers of the World War I 
era. Three heavy bombers, the German Gotha G.IV, the British Hand-
ley Page 0/400, and the Italian Caproni CA.42 are discussed here to 
give a glimpse of the size and characteristics of this class of aircraft. 

Gotha G.IV 

The name Gotha still evokes in the minds of some people the ter-
rifying image of a group of large aircraft dropping bombs on the help-
less citizens of a great metropolitan area. The Gotha gained this dubi-
ous distinction because of its use in the bombing raids on London in 
1917 and 1918. Twenty-seven Gotha attacks were made in the course 
of about a year. Not a large application of strategic air power by World 
War II standards but enough to cause great consternation in an era 
when the English Channel was still mistakenly thought to ensure pro-
tection of the British Isles against a foreign invader. The Gotha raids, 
conducted first in daylight and later at night, actually caused little phys-
ical damage, but the psychological impact was such that badly needed 
British squardrons were recalled from the front to protect Britain 
against the German invader. Actually, several types of German aircraft 
participated in the bombing of London, but the name Gotha has for 
some reasons become synonymous with the bombing of helpless cities. 

The Gotha model G.IV depicted in figure 2.21 was a triple-bay bi-
plane equipped with two pusher-type engines mounted between the 
upper and lower wings, one on either side of the fuselage. The thin 
wings incorporated a small amount of sweepback to position the aero-
dynamic center in proper relation to the aircraft center of gravity. Horn 
balances were employed on the ailerons and rudder to reduce the con-
trol forces required to maneuver this very large aircraft. The landing 
gear had four main wheels; two were positioned below the bottom wing 
at the location of each engine nacelle. 

The Gotha G.IV was manned by a crew of three: a single pilot and 
two gunners. The front gunner armed with a flexible machine gun was 
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Figure 2.21 - German Gotha Gil' twin-engine bomber; 1917. [ukn via Martin

Copp] 

located in an open cockpit at the nose of the aircraft; this man also 
served as the bombardier. Behind the front gunner and just ahead of 
the upper wing was the pilot's cockpit. His flight controls consisted of 
the usual rudder bar and stick, but a "steering wheel," like that in an 
automobile, was mounted at the top of the stick and was used for de-
flecting the ailerons. The use of a full wheel, rather than a yoke as in 
modern aircraft, suggests that several revolutions of the wheel were re-
quired to move the ailerons through their full range of deflection. Air-
craft response to control inputs must have been sluggish, and the pilot-
ing job must have seemed something like a wrestling match. The third 
crew member was another gunner located in an open cockpit behind 
the upper wing. His flexible machine gun could be utilized effectively 
in various quadrants above and to the sides of the aircraft and could 
also be fired downward and rearward through a sort of inclined tunnel 
that passed through the inside of the fuselage and opened on the 
bottom. The rear gunner could accordingly fire, through a limited an-
gular range, at an aircraft attacking from below and to the rear. This 
feature proved to be a startling and unwelcome discovery to a number 
of unsuspecting Allied pilots. 

The performance of the 8558-pound gross weight Gotha was not 
spectacular, as can be seen from the data in table I for the slightly im-
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proved Gotha G.V. The maximum speed was only 87 miles per hour, 
which suggests a cruising speed at 75-percent power of about 78 miles 
per hour. This cruising speed, coupled with an estimated stalling speed 
of 56 miles per hour gave the pilot a very narrow speed corridor in 
which to fly and maneuver the aircraft. The maximum lift-drag ratio of 
7.7 seems reasonably high for an aircraft festooned with so many 
struts, wires, wheels, and other protuberances. The usual load of the 
Gotha on a London raid consisted of six 110-pound bombs carried 
externally. 

The reference sources indicate that more Gothas were lost in 
flying accidents than in combat with the enemy. Sluggish response to 
control inputs together with its narrow speed corridor may have con-
tributed to the high accident rate. Many accidents occurred in landing. 
The fuselage was reportedly weak, probably because of the gun tunnel, 
and frequently broke in half on a hard landing. 

All in all, the Gotha does not seem to have been the superb air-
craft that its fearsome reputation would suggest. The reality, as with so 
many other aircraft, does not live up to the legend. 

Handley Page 01400 

Like the Gotha G.IV, the Handley Page 0/400 illustrated in figure 
2.22 was a multibay biplane equipped with two engines mounted be-
tween the wings and with a four-wheel main landing gear; two wheels 
were mounted below the lower wing at the location of each of the 
engine nacelles. The appearance of the British Handley Page bomber, 
however, was startlingly different from that of the German Gotha. The 
large gap between the wings, marked wing dihedral angle, and large 
span of the upper wing as compared with the lower are distinctive fea-
tures in the appearance of the aircraft. Also in marked contrast to the 
pusher engine arrangement of the Gotha, the 0/400 employed a tractor 
configuration. Another distinctive feature, not evident in the photo-
graph, is the tail assembly, which consisted of two horizontal surfaces 
arranged in a biplane configuration. A single fixed fin, centrally located 
between the two horizontal surfaces, and two all-moving rudders, also 
located between the horizontal surfaces but positioned near the tips, 
comprised the vertical tail surfaces. Horn-balanced ailerons and eleva-
tors were utilized to reduce control forces. 

The wings folded rearward, just outboard of the engines, to a posi-
tion parallel to the fuselage. This complication was dictated by a re-
quirement that the aircraft fit into a standard-size Royal Air Force 
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Figure 2.22 — British Handley Page 01400 twin-engine bomber; 1916-17. [USAF via 

Martin Copp] 

hangar. Apparently, the authorities responsible for aircraft procure-
ment thought it more cost effective to complicate and perhaps compro-
mise the aircraft than to build new hangars. 

The crew of the Handley Page 0/400 usually consisted of four 
men. A gunner-bombardier, located in the nose of the aircraft, had two 
flexible machine guns. The two pilots were in an open cockpit behind 
the front gunner and just ahead of the upper wing; each pilot had a 
complete set of flight controls. The necessity for two pilots is sug-
gested by the 9-hour flight maximum duration of the aircraft. The second 
gunner was located in a cockpit behind the upper wing and, as in the 
case of the front gunner, was provided with two flexible machine guns. 
In addition, a single flexible machine gun was mounted on the floor 
inside the fuselage and could be fired downward and rearward through 
a small trap door in the bottom of the fuselage. Apparently, the single 
rear gunner was expected to alternate between this gun and the two 
top-mounted guns, depending upon the position of the attacker. The 
frustration the single rear gunner must have felt in the event of a si-
multaneous attack from above and below can readily be imagined. 
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Surely, a second rear gunner must have been carried on missions in 
which aggressive attack by many enemy aircraft was anticipated. 

The gross weight of the Handley Page was 14 425 pounds (table 
I), nearly 6000 pounds heavier than the Gotha, and the wing area was 
1655 square feet as compared with 963 square feet for the German 
bomber. The maximum lift-drag ratio of the 0/400 was a very impres-
sive 9.7, which was a full 26 percent higher than that of the Gotha. The 
Handley Page also had the higher top speed of the two aircraft. The 
0/400 was large enough and had sufficient fuel capacity to deliver a 
2000-pound bomb load on a target located 300 miles from home base 
and return safely. The bombs themselves were carried inside the fuse-
lage in a vertical position ready for release. The Handley Page 0/400 
seems to have been an outstanding aircraft for its time and, in most 
respects, superior to the Gotha except for its service ceiling of 8500 
feet, which was less than half that attributed to the Gotha. 

The size and certain other characteristics of the Handley Page 
0/400 can be put in perspective by comparison with more modern air-
craft. The wing loading and power loading of 8.7 and 20.5 are fairly 
close to the corresponding values of 6.9 and 18 for the famous Piper 
J-3 Cub (chapter 4), and the values of the maximum lift-drag ratio of the 
two aircraft are nearly the same. Thus, in a sense, the 0/400 can be 
likened to a 14 000-pound Cub, although the response to control 
inputs and the control forces required of the pilot must be considered 
as utterly different for the two aircraft. Cecil Lewis in reference 85 sug-
gests the handling characteristics of the aircraft in the following quota -
tion: "True, it was like a lorry in the air. When you decided to turn 
left, you pushed over the controls, went and had a cup of tea and came 
back to find the turn just starting." 

Another interesting comparison of the Handley Page can be made 
with the modern-day Boeing 727-200 jet airliner (chapter 13). The 
wing areas of the two aircraft are almost the same, but the 727 is nearly 
15 times as heavy as the Handley Page, is about 7 times as fast, and has 
a value of the maximum lift-drag ratio more than twice that of the 
0/400. All these changes occurred in a time span of a little less than 50 
years. 

The first Handley Page bomber was flown in 1915, and the 0/400 
version appeared in 1916. About 800 Handley Page bombers of all 
types were built during the war. The model 0/400 continued in mili-
tary service for several years after the war, and several were converted 
for use as civil transports. The 0/400 was scheduled for large-scale 
production in the United States for use by the American Expeditionary 

52



DESIGN EXPLORATION, 1914-18 

Force in France. By the time hostilities ceased in November 1918, only 
107 examples had been completed and all production contracts were 
soon terminated. 

The principal legacy of the Gotha and Handley Page heavy bomb-
ers was the twin-engine, strut-and-wire-braced, open-cockpit biplane 
configuration that dominated bomber development for many years fol-
lowing the end of World War I. Various models of the Keystone 
bomber were employed by the U.S. Army Air Corps until the mid-
1930's. These aircraft incorporated the same configuration concepts as 
the Gotha and Handley Page, with fewer struts and wires, more power-
ful engines, better structures, and marginally better performance. 

Caproni CA.42 

The name Caproni is an honored one in the annals of World War 
I aviation. The Italian firm bearing that name, along with Sikorsky in 
Russia, first flew heavy multiengine bombers in the year 1913, and Ca-
proni bombers were used throughout World War I, not only by Italy 
but by England and France as well. Production of one version of a Ca-
proni bomber was also planned in the United States but had not mate-
rialized at war's end. 

All Caproni bombers had three engines. Two of these were 
mounted in a tractor arrangement, with one engine at the nose of each of 
two fuselagelike booms that connected the wings and tail assembly. The 
third engine was a pusher installed in the rear of a nacelle situated be-
tween the wings. Pilot and gunner-bombardier were in cockpits ahead 
of the pusher engine. The rear gunner(s) was located in several differ-
ent positions in the various Caproni bomber designs. Both biplane and 
triplane bombers were built by Caproni, with the number of biplanes 
produced far outnumbering the triplanes. About 200 Caproni bombers 
of all types were manufactured, of which about 30 were triplanes. In 
Italian service, these aircraft were extensively used for bombing targets 
in the Austro-Hungarian empire. Such raids originated in Italy and re-
quired round-trip flights across the Alps. Good high-altitude perform-
ance was accordingly an important design requirement. 

Although production of Caproni biplanes far outnumbered the tn-
planes, the model CA.42 triplane bomber was selected for inclusion 
here because it represents an interesting application of the triplane for-
mula to a very large aircraft. Some of the reasons for selecting a tri-
plane configuration were given in the previous section describing the 
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Fokker Dr.—! triplane fighter. For a very large airplane in which the 
physical dimensions are limited, perhaps by hanger size or tiedown 
area on the airfield, the triplane arrangement offers a higher effective 
aspect ratio for a given wing span and area than does a biplane. The 
triplane arrangement of the CA.42 probably derives from this argu-
ment since the aircraft had a very large wing area. 

The Caproni CA.42 may be seen in figure 2.23 and offers a 
unique, if somewhat grotesque, appearance. The three wings were con-
nected and braced by a veritable forest of struts and wires. A front view 
of the aircraft shows that the interplane struts were configured in a 
five-bay arrangement. The center nacelle containing the pusher engine, 
pilot, and forward gunner was attached to the undersurface of the 
center wing. The tips of the pusher propeller can be seen above and 
below the left fuselage-boom. A rear gunner was positioned in each fu-
selage-boom immediately behind the center wing. The boxlike pod on 
the lower wing housed the bombs. The main landing gear consisted of 

Figure 2.23 - Italian Caproni CA. 42 three-engine triplane bomber; 1917. [Stephen J.

Hudek via Martin Copp] 
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eight wheels in two clusters of four each, skids were located under each 
wing tip, and rather tall tail skids were at the rear. The large number of 
wheels was intended to distribute the weight of the aircraft on the 
ground and thus prevent the aircraft from becoming mired in the 
relatively soft turf airfields in use at that time. Three rudders were 
mounted on a single horizontal tail; a later version of the aircraft had 
a biplane horizontal-tail configuration. Ailerons were employed on all 
three wings. 

A number of sources were consulted in assembling the data given 
in table I. Although the various sources were in essential agreement on 
the dimensions of the CA.42

'
discrepancies were found in the weight 

and performance data. Engines of different power were employed on a 
number of the production aircraft and may account for the confusion 
in the data. The specifications in table I were taken from reference 1 
and are for the aircraft equipped with U.S.-built Liberty engines of 400 
horsepower each. At 17 700 pounds gross weight, the CA.42 is the 
heaviest of the aircraft considered, and the maximum speed of 98 miles 
per hour is higher than that of either the Gotha or the Handley Page 
0/400. The lower wing loading and more favorable ratio of power to 
weight, as compared with the other two bombers, probably gave it a 
good high-altitude capability for transalpine flying. One reference gives 
a flight duration of 7 hours and a maximum bomb load of 3200 
pounds. Assuming a cruising speed of 89 miles per hour at 75-percent 
power, the CA.42 had an estimated range of about 600 miles, or the 
ability to deliver its bombs on a target 300 miles from home base and 
return safely. 

The Caproni CA.42 seems to have had a very creditable perform-
ance when equipped with Liberty engines; with lower power engines, 
the performance was not nearly so good. Perhaps the appearance of 
the Liberty engine relatively late in the war contributed to the small 
number of aircraft built. In one reference the aircraft was stated to be 
difficult to fly, but no specific details are given. 

At least three CA.42 triplane bombers were sent to the United 
States for evaluation. One of these was to have been tested at Langley 
Field, Virginia, but was completely destroyed in a crash at Langley on 
its maiden flight in December 1917. 

With this brief glimpse of the heavy bomber in World War I, atten-
tion is now focused on the two-seat army cooperation and light bomber 
types that constituted the workhorse aircraft of that era.
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Army Cooperation Aircraft 
The unglamorous two-seat aircraft, working in cooperation with 

army ground forces, formed the backbone of aerial activity in World 
War I and undoubtedly contributed more to military successes than any 
other class of aircraft. One of the primary functions of the much-her-
alded single-seat fighters was the protection of their own two-seaters 
and the destruction of those belonging to the enemy. Army coopera-
tion aircraft performed a variety of diverse duties including photore-
connaissance, artillery spotting, observation of enemy troop move-
ments, ground strafing, and daylight tactical bombing. Duties such as 
photoreconnaissance required steady and precise flying at a given alti-
tude and along prescribed flight tracks if the photographs necessary for 
accurate mapmaking were to be obtained. All the while, the crews had 
to be constantly on the lookout for enemy air attack, and the steady 
flight path over enemy territory offered the antiaircraft gunners excel-
lent opportunities for target practice. Certainly the men who flew these 
aircraft are among the unsung heroes of the First Great War. 

The two-seater, as it evolved during the war, had the pilot in the 
front cockpit with one or two fixed, synchronized machine guns firing 
between the propeller blades; the observer was in the rear cockpit with 
one or two flexibly mounted machine guns in addition to the camera, 
wireless, or other special equipment. A steady platform was required 
for photoreconnaissance and bomb aiming, which meant that the two-
seater had to be relatively stable; yet a certain amount of speed and 
maneuverability were required to avoid destruction by the enemy. 
Good high-altitude performance was another desirable characteristic. 
The correct mix of these sometimes conflicting requirements and the 
technical means for accomplishing that mix presented difficult design 
problems. In the early years of the war, two-seaters were often consid-
ered to be easy prey for fighter aircraft; but as designs improved, they 
gave an increasingly good account of themselves in combat operations. 

The development of the two-seater presents little of technical in-
terest beyond what has already been discussed in the preceding sec-
tions on fighters and bombers. A large number of two-seat types were 
developed during the war, and a number of configuration concepts, in-
cluding monoplanes, biplanes, triplanes, and quadruplanes were inves-
tigated. As in the case of the fighters and bombers, however, the bi-
plane emerged as the best compromise, consistent with the existing 
state of technology, between the various conflicting requirements. 
Three two-seat biplanes, the British B.E.2c, the German Junkers J-I, 
and the British DeHavilland DH-4 are described next. 
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B.E.2c 

It would be difficult to conceive of an aircraft so poorly adapted to 
the rigors of aerial combat as the long-lived series of British B.E.2 two-
seaters designed by the government-controlled Royal Aircraft Factory. 
The prototype first flew in 1912, and a B.E.2a was the first British air-
craft to land in France, on August 13, 1914, after the beginning of the 
war. The B.E.2c and other models of the B.E. series remained in pro-
duction until July 1917. More than 3500 B.E.2-type aircraft were con-
structed, and, unbelievably, a single-seat fighter version, the B.E.12, 
was also produced. The British ace Albert Ball referred to this machine 
in the following succinct terms, ". . . a bloody awful aeroplane." 

The B.E.2 was developed on the premise that inherent stability in 
an aircraft was a highly desirable characteristic that would contribute to 
flying ease and flight safety. Further, the military thinking in 1914 envi-
sioned the use of the airplane in warfare solely as an instrument for 
supporting the army ground troops. Again, inherent stability seemed a 
desirable characteristic for such duties as reconnaissance and artillery 
spotting. Unfortunately, experience early in the war showed that a two-
seater required speed, maneuverability, and a good rate of climb to 
survive. The B.E.2c had none of these characteristics, yet production of 
the aircraft continued; it was callously referred to as "cold meat" by 
German fighter pilots. 

As shown in figure 2.24, the B.E.2c was a strut-and-wire-braced, 
double-bay biplane equipped with an in-line engine swinging a four-
blade propeller. The 90-horsepower R.A.F. la engine itself was some-
what unusual in that it was air cooled. Ailerons were incorporated in 
both upper and lower wings, and the horizontal and vertical tail units 
had both fixed and movable surfaces. The large dihedral angle evident 
in the wings was dictated by the requirement for inherent lateral-direc-
tional stability. Unlike most two-seaters, the pilot sat in the rear cockpit 
and the gunner was in the front cockpit. Although the B.E.2c was 
equipped with a single machine gun, the field of fire between the wings 
and over the pilot's head and vertical tail limited the gunner's effective-
ness. Because of the position of the lower wing relative to the gunner, 
the pilot had to operate the camera on photoreconnaissance missions 
in addition to flying the aircraft. 

The data in table I show the 2142-pound gross weight of the 
B.E.2c to have had a disastrously low maximum speed of 72 miles per 
hour at 6500 feet. Not shown in the table is the climb-performance 
data that indicate that 45 minutes were required to climb to the low 
service ceiling of 10 000 feet. The zero-lift drag coefficient, drag area, 
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Figure 2.24 - British B.E.2c army cooperation aircraft; 1914. [ukn via Martin

Copp] 

and maximum lift-drag ratio were comparable to many contemporary 
aircraft of the time; however, the ratios of power to weight and power 
to drag area were so low that only mediocre performance could be ex-
pected. In addition to its performance limitations, all reference sources 
indicate that the aircraft lacked maneuverability. 

The shortcomings of the B.E.2c in armament, performance, and 
maneuverability resulted in a very poor front-line aircraft that was 
almost defenseless against determined enemy air attack. Untold num-
bers of British airmen perished in this monument to bureaucratic iner-
tia and ignorance. The B.E.2c is presented here, not as an example of a 
good aircraft or one having significant technical innovations, but as an 
illustration of how an ineffective aircraft can be produced and fostered 
on the user long after it is obsolete. Similar examples can be found in 
the course of aeronautical history. 

Junkers f—I 

A bewildering variety of two-seat army cooperation aircraft were 
designed, developed, and operated by the Germans in World War I. 
Albatros, AEG, Roland, DFW, Halberstadt, AGO, Aviatik, LVG, 
Junkers, and Rumpler are only a few of the companies that produced 
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army cooperation aircraft during the conflict. Some of these aircraft 
were designed for general-purpose reconnaissance duties, others for 
night bombing, and still others for the ground attack role in close co-
operation with friendly ground troops. An interesting aircraft in this 
latter category, the Junkers J-I, is described here and is shown in figure 
2.25.

The J-I biplane had a rather unusual appearance with thick, canti-
lever wings that were tapered in both planform and thickness ratio. 
Three-view drawings show that the aircraft was really a sesquiplane, 
with the bottom wing much smaller in span and chord than the upper 
wing. The small-chord lower wing, together with its position below the 
lower surface of the fuselage, afforded good downward visibility for the 
pilot in the front cockpit and the observer in the rear. The wings were 
connected to each other and to the fuselage by a rather complex 
cabane-strut arrangement. No interplane struts were used between the 
wings. Like all Junkers aircraft, the J-I incorporated an all-metal struc-
ture. The wing was composed of 0.08-inch corrugated aluminum alloy 
skin riveted to an internal framework of aluminum alloy tubing. The 
engine and crew were encased in an armored shell formed from 0.2-

77.-:5 	 -	 - - 

Figure 2.25 - German Junkers f-I all-metal army cooperation aircraft; 1918. [Peter

M. Bowers via AAHS]
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inch sheet steel. The aft portion of the fuselage consisted of a metal 
alloy frame covered with fabric in early models but with sheet metal in 
later versions. Power was provided by a six-cylinder, water-cooled, 
Benz Bz.IV engine of 200 horsepower. The aircraft was usually armed 
with two fixed, synchronized machine guns firing between the propeller 
blades and with a single flexible gun for use by the observer. Two 
downward-firing guns were sometimes installed for the observer, but 
the difficulty of aiming these guns from a low, fast-flying aircraft ren-
dered them ineffective, and they were quickly removed. A radio link 
connecting the aircraft with friendly ground troops in the forward area 
was also generally provided. 

The physical and performance data given in table I indicate that 
the i-I was a remarkable aircraft in many respects. The gross weight of 
4748 pounds seems large for an aircraft of only 200 horsepower, and 
the useful load fraction of 0.19 is very low compared with the values of 
0.30 to 0.35 shown in figure 2.20 for fighter aircraft. A low structural 
efficiency is accordingly suggested; however, the 0.20-inch steel shell of 
armor alone weighted 1036 pounds, according to reference 119, and 
no doubt contributed in large measure to the low apparent structural 
efficiency. The power loading of 23.9 pounds per horsepower is about 
the same as that of the B.E.2c and suggests a powered glider more 
than a fighting aircraft. The J-I, however, had a maximum speed of 96 
miles per hour, could climb to 6560 feet in 30 minutes, and had an 
endurance of 2 hours, a very creditable performance for an aircraft of 
relatively low power. The good performance of the aircraft was due in 
large part to the low value of the zero-lift drag coefficient of 0.0335 
and the high value of the maximum lift-drag ratio of 10.3. The J-I was 
among the most aerodynamically efficient of the World War I aircraft 
analyzed here. 

The i-I proved in action to be a very effective weapon in the 
ground-attack role for which it was designed. The prototype first flew 
in January 1917, but due to production difficulties the aircraft was not 
deployed in action until February 1918. Total production run was 227 
aircraft. The Junkers J-I incorporated many advanced engineering fea-
tures and was a truly remarkable aircraft. It has not received proper 
recognition in the literature of World War I aviation. 

DeHavjlland DH-4 

Although the DeHavilland DI-I-4 was an ordinary looking, strut-
and-wire-braced, double-bay biplane, it occupies a unique niche in avia-
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tion history as the only aircraft manufactured in the United States to 
serve in combat on the Western front in World War I. A total of 4846 
DH-4 aircraft were built (under license) in the United States, and 
about 1600 of these reached France. They were all powered with the 
U.S.-designed and built 12-cylinder Liberty engine of 400 horsepower. 
The interesting story of the development of this outstanding engine is 
described in reference 45. 

Two views of the DH-4 are shown in figures 2.26 and 2.27. The 
legend on the side of the aircraft pictured in figure 2.26 indicates that 
it was number 1000 off the United States production line and that it 
would leave (by ship) at 4:30 p.m., July 31, 1918. The DH-4 shown in 
figure 2.27 was the "pattern aircraft" sent from England to the United 
States in the summer of 1917 for use in developing production draw-
ings for use by U.S. manufacturers.' The photograph was made in the 

Figure 2.26 - American-built (British-designed) DeHavilland DH-4 army cooperation 


aircraft; 1918. [Warren Bodie via AAHS] 

According to a recent publication, this aircraft has been identified by personnel of the Na-
tional Air and Space Museum as the first DH-4 manufactured in the United States and is not, as 

was previously thought. a British-built pattern aircraft. See Boyne, Walter J.: The Aircraft Treasures 

of Silver 1-fill (New York: Rawson Associates).
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Figure 2.27 - National Air and Space Museum DH-4 on loan to the NASA Langley 
Research Center in 1967. Dr. Floyd L. Thompson, former Langley director, is shown 
with the aircraft. [NASA] 

fall of 1967 when this historic aircraft, on loan from the National Air 
and Space Museum, was exhibited at the Langley Research Center of 
the National Aeronautics and Space Administration on the occasion of 
its 50th anniversary. The gentleman in the photograph is Dr. Floyd L. 
Thompson, former director and longtime research leader at the Lang-
ley center. 

The DH-4 was designed as a day bomber and general-purpose re-
connaissance aircraft by Geoffery Del-lavilland for the Aircraft Manufac-
turing Company (AIRCO). It first flew in August 1916, was deployed in 
March 1917, and subsequently served on all British fronts. DH-4's 
built in Britain were powered with a variety of engines, including the 
well-known Rolls-Royce Eagle powerplants of 250 horsepower. Only 
1440 DH-4 aircraft were built in England. 
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Figures 2.26 and 2.27 depict a very conventional-appearing bi-
plane. Both photographs clearly show the maze of wires required to 
support the typically thin wings against flight and ground loads and to 
hold the wings in proper alignment. The aircraft had a conventional 
wood-frame structure covered with fabric, except for the forward part 
of the fuselage which was sheathed in plywood. An unusual feature of 
the aircraft was the large distance separating the pilot and the ob-
server. The internal volume between the two cockpits was occupied by a 
large fuel tank. Communication between the pilot located under the 
top wing and the aft-placed observer was difficult, and the tank be-
tween the crew members was rumored to have a propensity for catch-
ing fire in an accident or when hit by enemy gunfire. As a conse-
quence, the aircraft was sometimes unflatteringly referred to by crew 
members as the "Flaming Coffin." 

The flight controls, which included ailerons on both upper and 
lower wings, were entirely conventional with the exception of the fixed 
portion of the horizontal tail, which could be adjusted in flight with a 
trim wheel located in the cockpit. The aircraft could accordingly be 
trimmed for zero longitudinal stick force as speed, weight, and altitude 
varied during the course of a flight. All modern aircraft have pitch trim 
capability, but this highly desirable feature was seldom found in World 
War I aircraft. Another unusual feature in the DH-4 was the tail skid 
that could be steered with the rudder bar; ground maneuverability was 
much enhanced by this feature. According to reference 28, the aircraft 
had light control forces and adequate stability and was easy to fly and 
land. Armament varied but usually consisted of two fixed, forward- 
firing machine guns operated by the pilot and two flexible guns for use 
by the observer. On daylight bombing raids, 10 small bombs were 
mounted beneath the lower wing, 5 on either side of the fuselage; 
these bombs are visible in figure 2.27. 

The data in table I for the DH-4 are for the Liberty-powered, 
American-built version of the aircraft. It was a relatively heavy machine 
with a gross weight of 4595 pounds, but the 400-horsepower engine 
gave it ratios of power to weight and power to drag area that were 
nearly the same as those for the Fokker D .-VII fighter; the values of the 
maximum lift-drag ratio of the two aircraft were also nearly the same. 
Fighterlike performance might therefore be expected of the DH-4, and 
the maximum speed of 124 miles per hour certainly confirms this ex-
pectation. The rather high, for its day, stalling speed resulted from the 
10.4-pound-per-square-foot wing loading in combination with the low 
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maximum lift coefficient of the thin wings. The aircraft had a service 
ceiling of 19 600 feet and could climb to 10 000 feet in 14 minutes. 

Termination of hostilities in November 1918 resulted in cancella-
tion of contracts in the United States for an additional 5160 aircraft. 
The end of the war, however, did not spell the end of the career of the 
DH-4 in the United States, as is seen in chapter 3. 

The Heritage of World War I 
Out of the profusion of different configuration types, structural 

concepts, and propulsion systems explored during the hectic days of 
World War I, there emerged the strut-and-wire-braced biplane, con-
structed of wood frame and covered with fabric, as the best overall 
compromise between structural strength, weight, and aerodynamic effi-
ciency consistent with the existing state of technology. This "standard 
airplane" formula, with various improvements, was applied to all 
manner of single and multiengine civil and military aircraft for many 
years following the end of the war. In fact, one of the most extensively 
used training aircraft in the United States during World War II was the 
well-known Stearman PT-17 biplane. Even today, biplanes are flown 
for sport, aerobatic competition, and crop spraying. 

Although a number of biplanes have been described above, a 
review of some of the salient features of the "standard airplane," the 
airplane design formula with which most countries entered the decade 
of the 1920's, may be of interest. By the end of the war, the rotary 
engine was obsolete, and the in-line, water-cooled type was predomi-
nant. Values of the ratio of dry weight to power had been reduced 
from between 3.5 and 4.0 for early Curtiss and Mercedes engines to 
2.5 for the 220-horsepower Hispano-Suiza and 2.0 for the 400-horse-
power Liberty. These values were lower than the typical value of 2.7 
for the rotaries; however, the values given for the water-cooled engines 
do not include the weight of the radiator, associated plumbing, or cool-
ing water. The propellers that transformed engine power to propulsive 
thrust were of fixed pitch design and laminated wooden construction. 
The limited speed range through which aircraft operated in that era 
did not warrant the use of any type of variable pitch arrangement. 
Large diameter propellers, consistent with the low rotational speed of 
most engines, were used and gave excellent takeoff and climb perform -
ance for a given amount of power. Engines were usually started by the 
simple expedient of having a mechanic swing the propeller by hand. 
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The callout of "off" and "contact" between the pilot operating the ig-
nition switch in the cockpit and the mechanic turning the propeller was 
a familiar litany around airports for many years. 

The wing loadings of aircraft in those early years were low, usually 
below 10 pounds per square foot, to allow operation from small fields. 
Most aircraft could take off and land in a few hundred feet. The typical 
fixed landing gear had large wheels for operation from soft unsurfaced 
fields and had no form of streamlining. No brakes were incorporated in 
the landing gear, and the tail skid was usually a fixed nonsteerable 
device. The action of the propeller slipstream on the rudder provided 
the only means of maneuvering the aircraft on the ground; accordingly, 
mechanics walking at the wing tips were frequently used to assist in 
ground handling. The tail skid served as a sort of brake on landing 
rollout as the aircraft moved across the soft unpaved field; it also 
assisted in keeping the aircraft headed in a given direction. Crosswind oper-
ations were rarely undertaken, and most airports were roughly square 
or circular in shape so that the pilot was always able to take off and 
land directly into the wind. 

The control surfaces of the "standard airplane" were directly con-
nected to the rudder bar and control stick by wires or cables; at least 
parts of these control lines were usually exposed to the airstream on 
the outside of the aircraft. Incredibly, the aileron control cables of the 
DH-4 ran along the leading edges of the wings. Most aircraft had no 
longitudinal trim system, and means for adjusting lateral and direc-
tional trim were unheard of. The relationship between the size of the con-
trol surfaces, the desired response characteristics of the aircraft, and 
the control forces required of the pilot were little understood in 1918. 
As a consequence, the flying and handling characteristics of aircraft of 
that day generally varied from poor to terrible as judged by modern-
day standards. A fine-handling aircraft, of which there were a few, was 
more a matter of luck than anything else. 

Typically, the crew rode in an open, drafty cockpit exposed to the 
elements. In fact, pilots of that day and for many years thereafter felt 
that "feeling the wind in their faces" was necessary in order to fly an 
aircraft with skill and safety. The cockpits were, of course, unheated 
with no supply of supplementary oxygen, even though altitudes as high 
as 20000 feet could be reached by many aircraft. The extreme discom-
fort experienced by the flight crews at these high altitudes can readily 
be imagined. The well-equipped pilot's instrument panel usually con-
sisted of oil temperature and pressure gages, water temperature gage, 
and tachometer. These instruments, together with some sort of fuel 
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gage, served to indicate the health of the propulsion system. In the way 
of flight instruments, an altimeter, airspeed indicator, and compass 
usually completed the instrument panel although a crude type of 
inclinometer was sometimes included. Radios for navigational purposes 
were largely unknown. Radios used for communication with ground 
troops were sometimes carried, and these were powered by a wind-
driven generator. 

Such were some of the design features of the "standard airplane" 
that emerged from World War I. Post-World War I aircraft develop-
ment, discussed in the following chapters, began on a foundation pro-
vided by the technology and concepts of the 1918 "standard airplane." 
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Chapter 3 

The Lean Years, 1918-26 

Background 

T
he pace of aircraft development and production was extremely slow 
during the time period from the armistice in November 1918 until 

about 1926. World War I was thought to be the war "to end all wars," 
the war "to make the world safe for democracy." Postwar military 
appropriations, including funds for new aircraft, were accordingly 
small. The primary financial base underlying the development and 
production of new aircraft and advanced technology had dried up. The 
military made use of leftover and modified aircraft from World War I, 
of which the DeHavilland DH-4, previously described, was a prime 
example. In fact, the DH-4 continued to serve in various capacities in 
the Army Air Corps of the United States until the early 1930's. There 
was, of course, some development activity sponsored by both the Army 
and the Navy, and a number of prototypes of new aircraft were pro-
duced. These prototypes, however, usually followed the familiar bi-
plane formula that emerged from World War I. Some small production 
contracts, generally no more than 15 or 20 aircraft, were placed with 
the existing manufacturers for some of these prototypes. Hence, the 
industry did not entirely collapse. 

The requirements of civil aviation during this time period pre-
sented little incentive for advanced aircraft developments. No airlines de-
voted to the transportation of passengers existed in the United States; 
however, the Government operated a primitive airmail service that 
linked various cities in the United States, and the first coast-to-coast 
airmail service was established in 1921. The aircraft employed for car-
rying the mails consisted mostly of surplus World War I aircraft, with 
the ubiquitous DH-4 as the mainstay of the operation. Many modifica-
tions were made to the DH to make it more suitable for airmail service, 
and the aircraft was so utilized until at least 1927 or 1928. 
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General aviation as we know it today existed only in the form of 
barnstormers. These gypsy pilots roamed the country from town to 
town offering 5- to 10-minute rides for sums of around $5.00. The air-
craft that served as the workhorse for the gypsy pilot was the Curtiss 
J N-4 or Jenny. This aircraft was a trainer that served during World 
War I to introduce thousands of neophytes to the mysteries of flying. 
In the decade following World War I, many young people, children 
and teenagers alike, were introduced to the wonderful world of flight 
by the sight of a Jenny gracefully gliding to a landing in a pasture close 
to the family homestead. Once seen and heard, the sight and sound of 
this ancient biplane with its slow-turning engine and the whistling noise 
of the wind through the bracing wires made an indelible impression on 
many young people in the 1920's and served as a springboard for their 
later entry into some aspect of aviation. The Jenny was similar in con-
figuration and construction to the DH-4 shown in figures 2.26 and 
2.27 (chapter 2), but, instead of having an engine of 400 horsepower, it 
was equipped with the 90-horsepower Curtiss OX-5 or the 150-horse-
power Wright-Hispano. Most models of the Jenny used by barnstorm-
ers had the 90-horsepower engine and were designated JN-41). The 
aircraft was quite slow and had a cruising speed that did not differ very 
much from the stalling speed. By today's standards, the handling char-
acteristics of the Jenny would be considered unacceptable (shown by 
the data in ref. 101). The Curtiss Jennys, however, were available in 
large numbers following the end of World War I and could be pur-
chased for as little as a few hundred dollars. Obviously, no new aircraft 
suited to the demands of the barnstormers could be developed and 
produced for any such ridiculously low price. Thus, the private sector 
provided no market for the development and production of new 
aircraft. 

A Curtiss JN-4H with the Wright-Hispano engine is shown in 
figure 3.1, and the characteristics of this version of the Jenny are given 
in table II (appendix A). 

Transport Developments in Europe 
In contrast to the slow development of airline aviation in the 

United States, European air transport began almost immediately after 
the cessation of hostilities in 1918. The major capitals of Europe were 
soon connected by primitive passenger-carrying airlines. The aircraft 
types utilized for carrying passengers were at first hastily converted 
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Figure 3.1 - CurtssJN-4HJenny trainer; 1918. [NASA] 

military bomber and observation types. Later, new aircraft were con-
structed for the infant airlines; however, these aircraft usually followed 
the standard biplane formula developed during World War I. Typical 
of these transport aircraft is the Handley Page trimotor shown in figure 
3.2. The aircraft was a multibay biplane, similar in configuration to the 
bomber types of the war, but employed an enclosed cabin capable of 
carrying 10 passengers. The two pilots were accommodated in an open 
cockpit just forward of the leading edge of the upper wing, as can be 
seen in figure 3.2. Note the four-blade propellers and the multiple 
wheels of the landing gear. The use of the four-wheel gear was no 
doubt a concession to the relatively soft sod or mud landing fields of 
the period. A glance at the characteristics of the aircraft given in table 
II indicates a relatively heavy machine of 13 000-pound gross weight, 
but with only 840 horsepower as the combined output of the three en-
gines. The wing loading was a very low 8.9 pounds per square foot in 
order that the aircraft could operate out of the small fields that existed 
at the time. The cruising speed was a modest 85 miles per hour; the 
drag coefficient at zero lift was 0.0549, which was larger than that of 
the DH-4. Although the use of multiple engines is usually thought to 
increase safet y and reliability , that was not the case with the Handley 
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Figure 3.2 - Handley Page model W8F 12-passenger trimotor transport, 1924. [Flt.

Intl.] 

Page trimotor. The aircraft could not maintain level flight following the 
loss of one engine according to the information given in reference 75. 
The Handley Page trimotor was put into operation by the British Impe-
rial Airways and the Belgium Sabena Airways Systems in about 1924 
and continued in operation, at least to some limited extent, until about 
1931. In fact, very large multiengine biplanes were utilized on some 
European airlines right up to the beginning of World War II. 

Aircraft employing the monoplane configuration had been built 
since the early days of aviation. The first nonstop flight across the Eng-
lish Channel was made in 1909 by Bleriot flying a wire-braced mono-
plane, and many early World War I fighters were also monoplanes 
(chapter 2). Most early monoplanes employed a multitude of wires and 
struts in order to provide strength and rigidity to the wings. As a con-
sequence, the drag characteristics of these aircraft showed little if any 
improvement compared with contemporary biplane drag characteristics. 
Furthermore, there seemed to be a lack of confidence in the structural 
integrity of the monoplane configuration. There were also experiments 
with internally braced, cantilever monoplanes. As indicated in chapter 
2, the German designer Junkers built cantilever monoplanes con-
structed of metal. The materials and design methods available during 
World War I, however, did not lend themselves to the construction of light, 
all-metal cantilever designs. Another early proponent of the cantilever 
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monoplane was the Dutch designer Anthony H. G. Fokker. Fokker de-
signed and built fighter aircraft for the German Air Force during 
World War I. His first cantilever monoplane fighter was the model 
D-VIII, which featured an internally braced wing mounted on struts 
above the fuselage. (See figure 2.16.) 

In 1920 and 1921, Fokker developed a single-engine transport em-
ploying an internally braced wing similar in concept to that of the D-
VIII fighter. This aircraft, known as the Fokker F-2, is depicted in 
figure 3.3. The aircraft seated three or four passengers in an enclosed 
cabin, and a single pilot was located in an open cockpit just under the 
leading edge of the wing. The absence of external struts and wires to 
support the wing is obvious from the photograph. The relative aerody-
namic cleanliness of the design would be expected to produce a corre-
spondingly low value of the zero-lift drag coefficient. The data in table 
II, however, suggest that the value of CD,O is not much better for the 
Fokker than for the DH-4. The open cockpit together with a poor 
engine installation and consequent high cooling drag suggest them-
selves as possible reasons for the relatively high zero-lift drag coeffi-
cient. The wooden cantilever wing and steel-tube, fabric-covered fuse-
lage formed the basis for a long line of Fokker aircraft built right up to 
World War II. An improved and larger version of the Fokker F-2, 
known as the T-2, was the first aircraft to fly nonstop across the United 

Figure 3.3 - Fokker F-2four-passenger transport; 1920. [Flt. Intl.]
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States. This flight was made by the U.S. Army Air Service in 1923 (ref. 
38). The famous Fokker trimotor was very similar in configuration to 
the F-2 but employed three modern engines, had a fully enclosed cabin 
and cockpit, and was much larger than the F-2. The first of the Fokker 
trimotors was employed by Richard E. Byrd and Floyd Bennett in their 
historic first flight over the North Pole in 1926. 

High-Speed Racing Aircraft 
The national and international air races helped stimulate and 

maintain public interest and support for aviation during the years im-
mediately following World War I. The races also provided a focus for 
the development of new, high-performance aircraft. Many of these spe-
cial aircraft were government sponsored. The Army and the Navy 
sponsored such developments in the United States, as did the air forces 
of France, Great Britain, and Italy in Europe. The most successful of 
these aircraft were highly developed forms of the biplane configuration. 
Typical of such aircraft is the 1923 Curtiss R2C-1 racer shown in 
figure 3.4. Standing beside the aircraft is Navy Lieutenant Alford J. 
Williams who flew it to first place in the 1923 Pulitzer race. The air-
craft is seen to be extremely clean aerodynamically and had a phe-
nomenally low zero-lift drag coefficient of 0.0206 (table II). The 
aircraft achieved a maximum speed of 267 miles per hour with a liquid-

Figure 3.4 - Curtiss R2C-1 racer; 1923. NASMJ 
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cooled engine of about 500 horsepower. Some of the features that 
accounted for the low drag coefficient and consequent high speed are the 
minimization of the number of wires and struts to support the wings, 
the smooth, highly streamlined semimonocoque wooden construction 
of the fuselage (this type of construction is briefly described in chapter 
2 in connection with the Albatros D-III fighter), the all-metal Curtiss 
Reed propeller, and the very interesting skin-type radiators that were 
used to provide heat exchange surface for the water-cooled engine. 
The external surfaces of these radiators, which formed a part of the 
surface of the wing, were of corrugated skin with the corrugations 
aligned with the direction of air flow. The remainder of the wing sur-
face was covered with plywood. The Curtiss PW-8 fighter, of which 
about 30 were produced in the mid-1920's, also employed the skin-type 
surface radiator. Although the skin radiators contributed significantly 
to obtaining a low drag coefficient, and hence to improving perform-
ance, they were not practical for use on operational combat aircraft. In 
addition to being prone to leak as a result of flexing of the wings, they 
were extremely vulnerable to battle damage, which was probably the 
deciding factor in their elimination from future combat aircraft. 

A number of racing aircraft were developed that employed the 
monoplane configuration. Some of these aircraft had cantilever wings; 
others employed strut-braced wings; such advanced concepts as retract-
able landing gear were sometimes seen. For one reason or another, 
however, none of these monoplane racers was particularly successful. 
The Dayton Wright RB racer developed for the 1920 Gordon Bennett 
race was perhaps one of the most advanced concepts developed during 
the entire period. The aircraft is illustrated in figure 3.5, and some of 
its characteristics are given in table II. The pilot was entirely enclosed 
in the fuselage, which was of wooden semimonocoque construction. 
The cantilever wing was constructed entirely of wood and employed 
leading- and trailing-edge flaps. These flaps in effect provided variable 
camber so that the airfoil section could be adjusted to its optimum 
shape for both high-speed and low-speed flight. This extremely ad-
vanced feature did not appear on production aircraft until the develop-
ment of the jet transport in the 1950's. The landing gear on the 
Dayton Wright racer retracted into the fuselage in very much the same 
way as that used in later Grumman fighters of the thirties and forties. 
The drag coefficient at zero lift of the Dayton Wright racer was 0.0316 
(table II), which is considerably higher than the value of 0.0206 for the 
Curtiss R2C-1 but very much lower than the value of 0.0496 given in 
table I for the DH-4. Although highly advanced for its time, the 
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Figure 3.5 - Dayton Wright RB—I racer; 1920. [NASM] 

Dayton Wright racer was not successful in the 1920 Gordon Bennett 
race. The aircraft was somewhat underpowered and during the race 
had to withdraw because of a broken rudder cable. Unfortunately, the 
type was not further developed. 

Another highly advanced monoplane racer, developed by the Brit-
ish for the 1925 Schneider trophy race, was the Supermarine S-4. The 
Schneider race was an international event for seaplanes. Shown in 
figure 3.6, the S-4 is a beautiful, highly streamlined, cantilever mono-
plane mounted on twin floats. The wing, constructed of a wooden 
framework covered with plywood, employed flush radiators that, unlike 
the previously described Curtiss racer, were not of the skin type. The 
wings had landing flaps that could be geared to the ailerons. The rear 
of the fuselage was of wooden semimonocoque construction, and the 
forward portion containing the engine was of metal. The engine had 12 
cylinders arranged in 3 banks of 4. A front view of the engine gave the 
appearance of the letter "W"; accordingly, this cylinder arrangement 
was referred to as a W-type engine. A glance at the characteristics of 
the aircraft contained in table II indicates a drag coefficient of 0.0274, 
which must be considered quite low in view of the large amount of sur-
face area of the exposed twin floats. The wing loading of about 23 
pounds per square foot was high for the period and accounts for the 
use of the wing trailing-edge flaps. Another important factor that al-
lowed the use of such a high wing loading was the relatively long take-
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Figure 3.6 - Supermanne S-4 seaplane racer; 1925. [NASMI 

off and landing runs possible with the use of rivers and harbors, as 
compared with the confined land airfields of the day. The aircraft was 
destroyed by wing flutter before the 1925 Schneider trophy race (ref. 
117). According to reference 114, the ailerons on the S-4 were unbal-
anced, which no doubt contributed to the onset of wing flutter at the 
high speeds of which the aircraft was capable. Flutter and divergence of 
cantilever monoplane wings were not understood at that period in the 
development of aeronautical technology. Later Supermarine racers, 
which were quite successful in subsequent Schneider trophy competi-
tions, employed the more predictable wire-braced monoplane wings. 
The designer of the Supermarine S-4, R. J . Mitchell, later designed the 
famous Spitfire fighter of World War II. For those familiar with the 
Spitfire, some resemblance between the S-4 and the famous fighter can 
be seen in figure 3.6. The national and international air races and the 
aircraft of the early 1920's are described in comprehensive detail by 
Foxworth in reference 51.
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Chapter 4 
Design Revolution, 1926-39 

Background 

T
he pace of aircraft development began to accelerate by the middle 
1920's. Policies were established within the United States that as-

sured consistent, although somewhat small, yearly appropriations for 
the procurement and development of new military aircraft. In an at-
tempt to improve the poor aviation safety record and thus enhance the 
image of aviation as a serious means of transportation, laws were 
enacted that required the licensing of civil aircraft and pilots. Airwor-
thiness standards were developed for the aircraft, and proficiency re-
quirements were established for the licensing of pilots. The aircraft 
airworthiness requirements opened a market for the development of 
new types of general aviation aircraft. War surplus aircraft, such as the 
Jenny, either could not meet the new requirements or their certification 
would have proved economically unfeasible. The airmail that had 
been carried by Government aircraft for many years reverted to pri-
vate contractors. Thus began the airline industry, albeit in a small 
way. Under the stimulus of these influences, the aircraft industry 
began to grow. 

The pace at which advanced aircraft can be developed is closely 
coupled to the generation of new and advanced technology. The re-
sults of research investigations by the Langley Memorial Aeronautical 
Laboratory of the National Advisory Committee for Aeronautics 
(NACA) began to play an increasingly important part in providing the 
new technology necessary for the development of advanced aircraft. In-
vestigations in aerodynamics, stability and control, propulsion, loads, 
dynamics, and structures formed the research program of NACA. Wind 
tunnels, laboratories, flight research, and analytical studies were the 
means by which new technology was developed. The results of NACA's 
research investigations were made available to the industry in the form 
of technical reports. Bound volumes of these reports, covering the 
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entire lifespan of NACA from 1915 to 1958, are a part of most good 
technical libraries. Indexes such as those cited in reference 74 give a 
complete bibliography of research publications by NACA. Years subse-
quent to 1949 are covered in additional indexes. Brief accounts of the 
significant research activities of NACA are contained in references 49, 
56, and 73. 

The universities played an important role in educating young aero-
nautical engineers and in various aspects of aeronautical research. 
Schools of aeronautical engineering sponsored by the Guggenheim 
Foundation were particularly important. These schools existed at the 
Massachusetts Institute of Technology, the California Institute of Tech-
nology, New York University, the University of Michigan, the Georgia 
Institute of Technology, Stanford University, and the University of Ak-
ron. The contributions of the Guggenheim Foundation to the develop-
ment of aeronautics in the United States are described in reference 70. 

The military services played an extremely important role not only 
in the generation of new technology but in sponsoring the application 
of that technology in the development of new and useful operating sys-
tems. Thus, the development and operation of new military equipment 
provided a highly significant foundation of proven components, such as 
engines, for use in new civil aircraft. A summary of the contributions of 
military aeronautical research and development to the development of 
advanced commercial aircraft throughout the thirties, forties, and fifties 
is contained in reference 104. A close relationship can frequently be 
found between the development of advanced military aircraft and new 
commercial aircraft that employed not only many of the design features 
of military aircraft but also hardware and concepts that had been 
proved in military aviation. 

Record Flights 
Another important factor in the formula for accelerated develop-

ment and production of new aircraft were the many record-breaking 
flights of the time. They were extremely popular with the general 
public and played an important role in popularizing aviation and its po-
tential as a serious means of transportation. The nonstop solo flight of 
Charles A. Lindbergh from New York to Paris in May 1927 had the 
most profound and lasting influence of any of the record-breaking 
flights. His magnificent flight thrilled and captured the imagination of 
people all over the world and stimulated an interest and enthusiasm for 
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aviation that had an incalculable effect on future aeronautical develop-
ments. As a result of his flight, a multitude of small companies dedi-
cated to the manufacture of aircraft appeared throughout the United 
States. Most of these companies flourished for a few years and then 
quietly passed into bankruptcy as the country entered the Great De-
pression of the 1930's. Airline operations were given a tremendous 
boost by the enthusiasm engendered by the Lindbergh flight. 

The Ryan monoplane employed by Lindbergh on his historic 
flight, illustrated in figure 4.1, was of the strut-braced, high-wing type 
equipped with a fixed landing gear. The fuselage consisted of a welded 
steel-tube frame, and the wings were of wooden frame construction. 
The entire aircraft was covered with cloth fabric. The pilot had no for-
ward vision since the space immediately ahead of him was occupied by 
a large 360-gallon fuel tank. The wheels incorporated no brakes, and 
the tail skid was of the fixed type. The aircraft utilized the relatively 
new Wright Whirlwind engine. This engine had nine cylinders radially 
disposed about the crankcase and crankshaft. In contrast to the rotary 
engine described earlier, however, the cylinders and crankcase of the 
radial engine were fixed, and the crankshaft rotated with the propeller 
attached. The engine developed 220 horsepower and, for its day, was 
considered to be light and highly reliable. The air-cooled feature re-

r -.---- - - -	 --

Figure 4.1 - Ryan NYP Spirit of St. Louis; 1927. [Ryan Aeronautical Library 

via David A. Anderton]
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suited in the deletion of the radiator and associated plumbing that was 
always a source of maintenance and reliability problems on liquid-
cooled engines. The maximum gross weight of the aircraft was 5135 
pounds, and the zero-fuel weight was 2150 pounds. Thus, the fuel in 
the aircraft represented more than half of the gross weight and gave 
the Spirit of St. Louis airplane a zero-wind range of about 4200 statute 
miles. The cruising speed of the aircraft was about 95 miles per hour, 
and the maximum speed, 120 miles per hour. The zero-lift drag coeffi-
cient CD ,O, given in table II (appendix A), was 0.0379. This coefficient 
represents a considerable reduction over the value of 0.0496 given for 
the DeHavilland DH-4 but still indicates that the fixed landing gear 
and multiple wing struts were serious drag-producing elements. The 
maximum lift-drag ratio of the aircraft was 10.1, which compares favor-
ably with the value of 7.7 given for the DeHavilland 4. The higher ef-
fective aspect ratio of the monoplane, compared with the biplane, is in 
large measure responsible for the increased lift-drag ratio of the Spirit 
of St. Louis compared with the DH-4 and other typical contemporary 
biplane configurations. A complete description of the Spirit of St. Louis 
giving design and performance data is contained in the appendix of 
reference 86. 

Record-breaking flights continued for many years to play an im-
portant role in the development of aviation, particularly as a means of 
focusing public attention on the possibilities of the aircraft as a safe 
and reliable means for travel. Long-distance flights, flights around the 
world, flights of exploration, and, of course, all sorts of air races 
formed part of the aeronautical scene in the late twenties and thirties. 
For example, Richard E. Byrd was in command of the first flight over 
the South Pole in 1929, and Wiley Post circled the globe alone in 7½ 
days in 1933. The world's absolute speed record was increased to 440 
miles per hour in 1934 by an Italian seaplane. The aircraft was 
equipped with pontoons similar to those shown on the Supermarine 
S-4 in figure 3.6 and employed wire-braced monoplane wings and a 24-
cylinder engine driving two counter-rotating propellers. The absolute 
speed record was raised to 467 miles per hour in 1938 by the Messer-
schmitt 209V1 racer. The list of record flights could go on endlessly 
but will not be continued here. The following paragraphs deal 
with some of the advanced aircraft that were developed from 1926 to 
1939. This era may be characterized as one in which concepts of 
aircraft design underwent radical change and rapid advances were made 
in performance. 
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Monoplanes and Biplanes 
The Ryan monoplane Spirit of St. Louis pictured in figure 4.1 popu-

larized the monoplane configuration in America and marked the begin-
ning of the decline of the biplane. Another immortal high-wing mono-
plane, the Ford trimotor, formed the mainstay of the infant U.S. airline 
industry in the late 1920's and early 1930's. The aircraft, pictured in 
figure 4.2, featured an internally braced wing, fixed landing gear, and 
three engines. The basic configuration was similar to the Fokker trimo-
tor referred to earlier; however, the methods of construction employed 
in the two aircraft were totally different. The Fokker structure consisted 
of a mixture of wood, metal, and fabric; the Ford was of all-metal con-
struction. The internal structure of the aircraft was entirely of metal, 
and the skin was a corrugated aluminum alloy. The corrugations pro-
vided stiffness in the skin panels and were aligned with the direction of 
air flow in order to minimize the drag. This type of construction was 
pioneered by Hugo Junkers in Germany. 

The aircraft was produced in two versions: the model 4-AT and 
the model 5-AT. The aircraft were similar in appearance, but the 
model 5-AT was slightly larger and employed somewhat more power-
ful engines than the model 4-AT. Figure 4.2 depicts a model 4-AT, 
and the specifications given in table II are for the model 5-AT. The 
model 5-AT carried from 13 to 15 passengers in an enclosed cabin, 
had a gross weight of 13500 pounds, and was equipped with three 
420-horsepower Pratt & Whitney Wasp radial engines. By this time, the 

Figure 4.2 - Ford 4—AT 12-passenger trimotor transport; 1928. [NASA]
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two pilots were seated in an enclosed cockpit located ahead of the 
wing. Ground-handling characteristics were enhanced by the provision 
of differential braking on the main landing gear wheels and a swiveling 
tail wheel. Cockpit instrumentation was primitive by modern standards, 
and some of the instruments for the outboard engines were actually lo-
cated on the engine nacelles, which required the pilots to look out the 
side windows to read them. The large, powerful engines were equipped 
with an inertia starter; this type of starter was often used for large en-
gines beginning in the mid-1920's. A flywheel of large moment of iner-
tia was brought to a high rotational speed through the use of either a 
geared handcrank or an electrical power source. When the proper 
speed had been reached, a clutch was engaged and the angular mo-
mentum of the flywheel caused the engine to rotate and start. 

The Ford trimotor was especially designed to maintain flight after 
the loss of one engine. Under full gross weight conditions, however, 
the aircraft was not able to climb after takeoff following the loss of an 
engine, probably because of the excessive drag resulting from the 
windmilling propeller. Full-feathering propellers had not been devel-
oped at that time. The top speed of 150 miles per hour listed in table 
II for the Ford trimotor may be excessive; cruising speeds somewhat 
less than 100 miles per hour are indicated in reference 110 for a model 
4-AT that is still flying today. The drag coefficient CD,O for the Ford is 
seen to be relatively high, as compared with that for the Ryan Spirit of 
St. Louis. The drag of the two outboard engines and the nacelles no 
doubt contributed significantly to the total drag of the trimotor and, to 
some extent, nullified the advantages of the cantilever wing. Further-
more, according to reference 72, the wetted area of an aircraft may be 
increased by as much as 20 to 40 percent by corrugations in the metal 
covering. No account was taken of this increment in calculating the 
drag coefficient given in table II. 

The prototype of the Ford trimotor flew in 1926, and the last pro-
duction aircraft rolled off the line in 1933. A total of 116 models of the 
5-AT and 84 models of the 4-AT were constructed. Some of these air-
craft are still flying today, and one was flying in scheduled airline serv-
ice with the remarkable Island Airlines at Port Clinton, Ohio, into the 
1970's. The longevity of these aircraft attests to their rugged construc-
tion and basic design soundness. 

The Lockheed Vega shown in figure 4.3 was a very high-perform-
ance monoplane that first flew in 1927. The aircraft shown in the pho-
tograph is a fully developed model 5C version. Both the internal struc-
ture and the outer covering of the aircraft were wood. The wing was of 
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Figure 4.3 - Lockheed Vega 5C mail and passenger plane; 1929. [Peter C. Boisseau] 

the internally braced, cantilever type, and the fuselage was of 
semimonocoque construction. A new feature, which appeared on this 
aircraft, was a circular cowling surrounding the 450-horsepower Pratt & 
Whitney Wasp air-cooled engine. This cowling concept was one of 
NACA's early contributions and provided substantial increases in the 
speed of aircraft employing radial engines, but, at the same time, di-
rected the cooling air through the engine in such a way as to provide 
adequate cooling. The maximum speed of the Lockheed Vega was in-
creased from 165 miles per hour to 190 miles per hour by the addition 
of the NACA cowling. Fairings, called pants, around the wheels of the 
landing gear also reduced the drag and resulted in an increase in the 
speed of the aircraft. The Lockheed Vega had a very low zero-lift drag 
coefficient of 0.0278, as shown by the data in table II. The low zero-lift 
drag coefficient was obtained through careful attention to detailed aer-
odynamic design of the aircraft and by the absence of drag-producing 
struts, wires, and other external drag-producing elements. The fixed 
landing gear, however, remained as a significant drag-producing fea-
ture of the airplane. The maximum lift-drag ratio of the Vega was 11.4, 
which was unusually high for that time period. The Lockheed Vega was 
used in airline service (six passengers) and was also employed in many 
record-breaking flights. The aircraft shown in figure 4.3 is painted to 
represent the famous Winnie Mae, which Wiley Post flew solo around 
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the world in about 7½ da y s in the summer of 1933. The actual aircraft 
Post flew on this remarkable flight is in the National Air and Space 
Museum in Washington, D.C. The Lockheed Vega was a highly ad-
vanced and refined design for its day, and, even now, the performance 
is very good for an aircraft with fixed landing gear. 

The demise of the Jenny and its contemporaries opened the way 
for a new generation of general aviation aircraft for fixed-base opera -
tors and barnstormers. Most of these new aircraft employed a welded 
steel-tube fuselage and wooden wing structure and incorporated a 
fabric covering over the entire structure. The aircraft depicted in fig-
ures 4.4 and 4.5 are typical of the classes of aircraft produced during 
the latter part of the 1920's. The Curtiss Robin shown in figure 4.4 was 
designed along the lines of the strut-braced monoplane formula popu-
larized by Lindbergh's Spirit of St. Louis. The aircraft was ruggedly built 
with a view toward operation from poorly prepared airfields or pas-
tures. The enclosed cabin provided seating for a pilot in the front and 
two passengers in the rear seat. The aircraft was usually equipped with 
either a Curtiss Challenger six-cylinder radial engine or a Wright J6-5 
five-cylinder radial engine. The specifications given in table II are for 
the Challenger-powered Robin, which had 185 horsepower and was ca-
pable of a maximum speed of 115 miles per hour. The aircraft was 
fitted with wheel brakes and a steerable tail wheel or skid. The drag 
coefficient of the Robin was a very high 0.0585, which probably re-
sulted from the very large cylinders of the exposed radial engine, the 
many sharp corners of the forward-facing windshield, and the relatively 
unfaired junctures between the multitude of struts supporting the wings 

Figure 4.4 - Curtiss Robin three-place-cabin monoplane; 1929. [Peter C. Boisseau] 
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Figure 4.5 - Travelair 4000 three-place open-cockpit biplane; 1928. Peter C. 

Boisseaul 

and landing gear. The zero-lift drag coefficient of the Robin is seen to 
be more than 0.020 greater than that of the Ryan Sprnt of Si. Louis. 

The biplane type was still popular and is illustrated by the Travel-
air 4000 of 1928 shown in figure 4.5. The aircraft was typical of a large 
number of three-place open biplanes in which the pilot sat alone in the 
rear cockpit and two passengers were placed forward under the wing 
near the center of gravity in an open front cockpit. The aircraft is seen 
to employ struts and wires for bracing the wings, but they are far fewer 
in number than those used on the typical World War I biplane repre-
sented by the DH-4 pictured in figures 2.26 and 2.27. Many different 
power plants were used in the various open cockpit biplanes produced 
in the late 1920's. The venerable Curtiss OX-5 water-cooled engine of 
World War I fame was still available in large numbers and formed a 
cheap source of power plants for new aircraft. Engines of higher power 
and greater reliability, such as the Wright Whirlwind, were also avail-
able, but these engines were considerably more costly than the surplus 
World War I engines. The Travelair 4000 shown in figure 4.5 has the 
Wright Whirlwind nine-cylinder radial engine. The large horn-balanced 
ailerons and rudder on the Travelair are particularly noteworthy. Bal- 
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anced controls of this type were used on the World War I German 
Fokker D-7, figure 2.14, and formed a distinctive identifying feature of 
the aircraft. For this reason, the Travelair 4000, which was manufac-
tured in Wichita, Kansas, is often referred to as the Wichita Fokker. 
Aircraft of the vintage of the Curtiss Robin and the Travelair 4000 are 
highly prized antiques today and are the subject of painstaking restora-
tion. The Robin was used in the 1920's and 1930's in several record-
breaking endurance flights, and in the late 1930's it was flown nonstop 
across the Atlantic by Douglas Corrigan. 

Meanwhile, the military services remained wedded to the biplane 
concept for their fighters, observation planes, bombers, and other 
classes of aircraft. One of the last biplane fighters developed for the 
U.S. Army Air Corps, and one of distinctly elegant design, was the Cur-
tiss Hawk P-6E shown in figure 4.6. This aircraft traces its lineage back 
to the Curtiss Hawk P-i of 1925, which in turn was derived, at least in 
part, from the Curtiss racing aircraft of that period. The P-6E was the 
last of the biplane line of Hawk fighters built for the U.S. Army Air 
Corps. Various versions of the Hawk were also procured by the U.S. 
Navy and a number of foreign countries. The entire Hawk series em-
ployed tapered wings, and the model P-6E featured a low drag, single-
strut landing gear together with a carefully streamlined installation of 

Figure 4.6 - Curtiss Hawk P-6E fighter, 1931. [Peter C. Boisseau]
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the 650-horsepower Curtiss conquerer engine. The construction of the 
aircraft was conventional; the fuselage was of the welded steel-tube 
type, and the wings were constructed of a wood framework. The entire 
aircraft except for the engine cowling, wing leading edges, and other 
special portions was covered with fabric. The P-6E was one of the first 
fighters to employ a droppable auxiliary fuel tank mounted under the 
fuselage and was equipped with wheel brakes and onboard oxygen 
equipment. The engine was liquid cooled and employed a chemical 
known as ethylene glycol rather than water as the coolant. This chemi-
cal is essentially the same as the antifreeze used in modern automobile 
engines. The drag coefficient of the Hawk was a relatively low 0.0371. 
A comparison of this coefficient with the corresponding value for the 
Ryan Spirit of St. Louis indicates that a well-designed biplane could be as 
efficient from the point of view of friction drag as a multistrutted mono-
plane. The lower effective aspect ratio of the biplane wing cell, how-
ever, gives a substantially lower maximum lift-drag ratio for the Hawk 
than for the Spirit of St. Louis. 

The Hawk model P-6E made its first flight in 1931. A transitional 
monoplane fighter designed by Boeing was first flown in 1932. This 
aircraft, known as the P-26 or Pea Shooter, is shown in figure 4.7. The 
aircraft was a wire-braced monoplane design that incorporated a fixed 
landing gear and open cockpit but was of all-metal construction, in-
cluding the skin. The cowling around the engine, known as a Townend 
ring, reduced the drag of the radial engine but was not as effective as 

Figure 4.7 - Boeing P-264 fighter; 1932. [NASA]
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the full NACA type of cowling discussed in connection with the Lock -
heed Vega. The aircraft in its original form had a relativel y high land-
ing speed; consequentl y , all production versions were equipped with 
simple trailing-edge flaps to reduce the landing speed. This was the 
first lighter aircraft developed in the United States to employ landing 
[laps. Thus, the P-26 represented a strange collection of the old and 
the new in airplane design and was an anachronism when it went into 
production in 1934. The zero-lift drag coefficient of the Boeing P-26A 
given in table II is seen to be higher than that of the Curtiss Hawk bi-
plane; however, the drag area of the P-26 is only about 60 percent of 
that of the Hawk. The P-26 was a transitional t ype of fighter and had a 
relatively short service life. Most of the P-26's had been recalled from 
first-line service by the beginning of World War II, although at least 
one P-26 flown by a Philippine pilot is thought to have engaged a 
Japanese fighter in the earl y days of World War II. 

Synergistic Developments 
The Lockheed Vega, illustrated in figure 4.3, represented the high-

est level of aerod ynamic efficiency achieved by a high-wing monoplane 
with fixed landing gear by the year 1930. Reduction in drag and subse-
quent improvements in the performance of a monoplane such as the 
Lockheed Vega could obviousl y be achieved by retracting the landing 
gear. Retraction of the landing gear on a high-drag aircraft, such as the 
DH-4, would result in very little improvement in performance since the 
drag contribution of the landing gear was a relativel y small percentage 
of the total drag coefficient. On an aircraft such as the Lockheed Vega, 
however, which was characterized by cantilever wings, highly stream-
lined fuselage, and efficiently cowled engine, the drag of the landing 
gear would be expected to be a significant portion of the total drag; 
hence, retraction of the gear would be expected to give a large incre-
ment in performance. 

The Lockheed Orion, shown in figure 4.8, took this next step in 
improving aerod ynamic efficiency. The Orion was a six-passenger, low-
wing monoplane, with the pilot located in an enclosed cockpit forward 
of the wing. The method of construction employed in the Orion.was 
the same as that utilized in the Vega. The low-wing configuration was 
particularly adaptable for the use of a retractable landing gear. The 
gear could be kept short and thus light, and the wing provided an ideal 
stowage space for the gear in the retracted position. The steerable tail 
wheel was also retractable in order to provide further increases in aero-
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Figure 4.8 - Lockheed Orion 9D mail and passenger plane; 1931. [mfrl 

dynamic efficiency. The engine on this aircraft, as on the Vega, em-
ployed a single-speed, geared blower to provide improved engine 
power output at the cruise altitudes of the aircraft. The data in table II 
indicate that the Orion had a maximum speed of 226 miles per hour at 
sea level and a cruising speed of 200 miles per hour. The correspond-
ing value of the zero-lift drag coefficient C D .O is 0.02 10. The value of 
this coefficient is seen to be remarkably low, even when compared 
with values for present-day aircraft; and a comparison with correspond-
ing values for the Lockheed Vega gives a good indication of the magni-
tude of the improvement in aerodynamic efficiency realized by retract-
ing the landing gear. The retractable landing gear had been thought 
for many years to be too heavy for practical use in aircraft design; how-
ever, the spectacular reductions in drag associated with its use on an 
aerodynamically clean aircraft were found to far outweigh the relatively 
small increases in weight. The Orion first flew in mid-1931 and was 
produced in only limited quantities, perhaps because it was not really 
large enough for an airline transport; then too, there was a growing 
feeling that airline aircraft should be equipped with multiengines. Later 
in the 1930's Government regulations disallowed the use of single-
engine aircraft for scheduled passenger-carrying operations. 

The configuration and design details of the Lockheed Orion repre-
sented an extremely high level of aerod ynamic efficiency, a level that 
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has seldom been exceeded in the years since 1931. Yet, the Orion 
lacked several features that later became an integral part of the propel-
ler-driven aircraft in its final definitive form. An aircraft with as broad a 
speed range as the Lockheed Orion requires some sort of variable 
pitch propeller in order that the desired amount of power may be effi- 
ciently extracted from the engine over a wide range of flight condi- 
tions. The full aerodynamic potential of a low-drag high-performance 
aircraft cannot be realized without the use of a controllable-pitch pro-
peller. Such propellers became generally available and were in common 
use on high-performance aircraft by the mid-1930's. Another feature 
the Orion lacked was an effective high-lift flap system for increasing the 
maximum lift coefficient and reducing the stalling speed. The aircraft 
had a rudimentary trailing-edge flap; but like most early flap systems, 
this was used primarily for increasing the drag in the approach and 
landing maneuver rather than increasing the maximum lift coefficient. 
Again, the use of effective high-lift flaps became standard practice on 
high-performance configurations later in the decade. Finally, the use of 
wood as a primary material for construction had many disadvantages, 
and some form of light, stiff, all-metal monocoque or semirnonocoque 
structure was desired. 

One of the first aircraft developed in the United States to employ 
an all-metal stressed-skin semimonocoque t ype of structure was the 
Northrop Alpha, illustrated in figure 4.9. In this type of structure, the 
metal skin is smooth, not corrugated, and contributes significantly to 
the stiffness and load-carrying capability of the structure. The stability 
of the thin metal skin is usually enhanced by numerous internal string-

Figure 4.9 - Northrop Alpha mail and passenger plane; 1931. [Peter C. Boisseau] 
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ers attached to the skin. The Alpha employed a low wing of cantilever 
construction and a full NACA-type cowling around the radial engine, 
but incorporated an anachronistic fixed landing gear together with an 
open cockpit for the pilot. The zero-lift drag coefficient for the aircraft 
is seen from table II to be about the same as that for the Lockheed 
Vega discussed earlier. The aircraft was used in limited numbers for 
mail and passenger operation, and the particular version shown here 
was employed for transportation of high-ranking military officers. Vari-
ous forms of stressed-skin metal construction were destined to become 
the norm for propeller-driven aircraft in the years ahead. 

The first aircraft that assembled most of the desirable features dis-
cussed above in a single configuration was the Boeing 247 shown in 
figures 4.10 and 4.11. The first flight of the aircraft was in February 
1933, and airline operations were begun later that year. The enclosed 
cabin accommodated 10 passengers, 2 pilots, and 1 steward. Two 525-
horsepower Pratt & Whitney Wasp engines were employed, and the air-
craft could maintain an altitude of 6000 feet on one engine at full gross 
weight. The earlier models of the aircraft, such as the one shown in 
figure 4.10, had Townend rings on the engines and employed fixed-
pitch propellers. The definitive version of the aircraft, the model 247D 
(fig. 4.11), had both controllable-pitch propellers and full NACA-type 
engine cowlings. All aircraft were later converted or retrofitted to the 
model 247D configuration. The synergistic design features of this air-
craft are as follows: 

(1) Cantilever wings 
(2) Retractable landing gear 
(3) Efficiently cowled, light radial engine 
(4) Controllable-pitch propellers 
(5) Single-speed geared supercharger 
(6) All metal, stressed-skin construction 

The Boeing 247D did not employ wing flaps and had a relatively 
low wing loading of 16.3 pounds per square foot. A contemporary and 
very similar aircraft, the Douglas DC-2, employed all the features men-
tioned for the Boeing machine and, in addition, had a higher wing 
loading and split-type landing flaps. The model 247D was one of the 
first transport aircraft to employ rubber deicer boots and a significant 
amount of instrumentation for blind fl ying. The aircraft is seen from 
table II to have a low zero-lift drag coefficient and a value of the maxi-
mum lift-drag ratio of 13.5, which compares favorably with the values 
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Figure 4.10 - Early version of Boeing 247 10-passenger twin-engine transport; 1933. 

[Peter C. Boisseau]

-J 

Figure 4.11 - Fully developed Boeing 247D. [mfr] 

of this parameter for the previously discussed aircraft. About 75 Boeing 
247's were built but the type was not developed further, perhaps be-
cause of Boeing's preoccupation with bomber aircraft development 
during that period of time. 
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The Douglas DC-3 was developed from the DC-2 and is, by any 
measure, one of the best-known aircraft ever produced anywhere in the 
world. The aircraft first flew in December 1935 and was in airline oper-
ation by the summer of 1936. It incorporated all the advanced techni-
cal features of the Boeing 247 and the Douglas DC-2 but, in addition, 
was sufficiently large to carry 21 passengers. With this number of pas-
sengers and a cruising speed at 10 000 feet of 185 miles per hour, the 
airlines for the first time had an aircraft with operating costs suffi-
ciently low so that money could be made from carrying passengers 
without complete dependence on revenue from airmail contracts. 

A DC-3 in flight is shown in figure 4.12. A distinctive identifica-
tion feature of the aircraft is the sweptback wing, which was inherited 
from the DC-2 and was used to position the aerodynamic center of the 
aircraft in the proper relationship to the center of gravity. The design 
of the DC-2 wing did not initially employ sweepback but had a highly 
tapered straight wing. As the design of the aircraft progressed, how-
ever, it became evident that the center of gravity was farther aft than 
had been anticipated. Mounting the outer panels with sweepback of-
fered a simple means for moving the aerodynamic center into the cor-
rect position. The Douglas DC-3 was powered either with two Wright 
Cyclone radial air-cooled engines of 1000 horsepower each or two 
Pratt & Whitney R-1830 engines of 1200 horsepower each. Both the 
Wright and Pratt & Whitney engines had 14 cylinders arranged in 2 

Figure 4.12 - Douglas DC-3 21-passenger twin-engine transport; 1935. [mfr]
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rows of 7, one behind the other. The double-row radial engine was ex-
tensively used throughout the subsequent development of large high-
performance piston-engine aircraft. A comparison of the aerodynamic 
parameters for the Douglas DC-3 and the Boeing 247D, given in table 
II, indicates that the zero-lift drag coefficient of the DC-3 is about 17 
percent higher than that of the Boeing aircraft; the larger zero-lift drag 
coefficient of the DC-3 results from the larger ratio of wetted area to 
wing area caused by the larger fuselage of the DC-3, which was de-
signed to accommodate three-abreast seating as compared with two 
abreast for the Boeing aircraft. The value of the maximum lift-drag 
ratio for the Douglas DC-3, however, is 14.7 as compared with 13.5 for 
the Boeing machine; the higher aspect ratio of the DC-3 is responsible 
for the larger value of maximum lift-drag ratio. The wing loading of 25 
pounds per square foot for the DC-3, as compared with the 16 pounds 
per square foot for the Boeing 247, reflects the use of split trailing-
edge flaps on the DC-3 aircraft. 

A total of 10 926 DC-3-type aircraft were built in the United States 
between 1936 and 1945. Of this total, about 10 000 aircraft were pro-
cured by the military services for their use, and many of these were 
later converted for various commercial activities following the end of 
World War II; today, over 45 years after its first flight, there are still 
man y hundreds of DC-3 aircraft in service throughout the world. The 
DC-3 has been used for every conceivable purpose to which an air-
plane can be put and surely must be considered as one of the truly out-
standing aircraft developments of all time. 

The Boeing B-17 bomber was a highly significant military aircraft 
that first flew in protot ype form during July 1935. A fully developed 
version of the aircraft, a Boeing B-17G utilized during World War II, is 
illustrated in figure 4.13. The aircraft incorporated the same significant 
structural and aerodynamic design features discussed in connection 
with the Boeing 2476 and the Douglas DC-3 but was equipped with 
four engines instead of two. The aircraft had a gross weight of 55 000 
pounds, which was considered very heavy at the time of its introduc-
tion. The four engines developed 1200 horsepower each and were 
equipped with turbosuperchargers. In contrast to the gear-driven, 
single-speed supercharger previously discussed, the turbo supercharger 
makes use of the energy in the exhaust gases from the engine. The su-
percharger blower is connected to a turbine that is driven by the ex-
haust gases. The fraction of the total exhaust gas that passes through 
the turbine can be varied by a valve in accordance with the altitude at 
which the aircraft is flying. Thus, the maximum rated power of the 
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Figure 4.13 - Boeing B—i 7G World War II four-engine heavy bomber; prototype first 

flown in 1935. [Peter C. Boisseau] 

engine can be maintained up to an altitude at which all the exhaust 
gases pass through the turbine; at higher altitudes, the power drops off 
with altitude in very much the same way as an unsupercharged engine 
at low altitude. The critical altitude for the engines on the B-17, that 
is, the maximum altitude at which rated power could be maintained, 
was 25 000 feet. Experiments with turbosuperchargers had been under-
way for many years, but the B-17 was the first aircraft in large-scale 
production to employ such a device. The turbo supercharged engines 
together with the relatively good aerodynamic parameters shown in 
table II for the B-17 gave the aircraft outstanding speed and range ca-
pability. The B-17 was used by the U.S. Army Air Forces throughout 
World War II as a heavy bomber. Nearly 13 000 of these aircraft were 
constructed, and a number of them are still employed today for various 
purposes. 

The transformation of the military fighter aircraft into a thor-
oughly modern form had also taken place by 1936. The Seversky XP-35 
shown in figure 4.14 was typical of the modern fighter aircraft devel-
oped in the middle to late 1930's. The XP-35 was a low-wing cantile-
ver monoplane with a retractable landing gear, a fully cowled radial 
engine equipped with a geared single-speed supercharger, and a con-
trollable-pitch propeller; the enclosed cockpit was, at that time, quite 
an innovation in fighter design. The aircraft was of stressed-skin metal 
construction and employed trailing-edge landing flaps. Wheel brakes 
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Figure 1.14 - Seversy XP-35 Jig/tier; 1937. [NASA] 

and a tail wheel were also fitted. In 1939, the Seversky Aircraft Com-
pany changed its name to Republic Aviation Incorporated; thus, the XP-
35 may be considered the progenitor of the famous P-47 Thunderbolt 
fighter of World War II. Only about 75 P-35 fighters were built, be-
tween July 1937 and August 1938, at which time the aircraft was prob-
ably obsolete or obsolescent because of its relatively low horsepower. 
Refinements in fighter aircraft development were taking place at a 
rapid pace during this time, although the basic configuration concept 
of the propeller-driven fighter aircraft changed very little from that of 
the P-35. 

The Douglas DC-3, the Boeing B-17, and the Seversky XP-35 are 
representative of the definitive and final configuration of the propeller-
driven aircraft concept as applied to transport aircraft, bombers, and 
fighters. Many aerodynamic and structural refinements lay in the 
future, and both radial and in-line engines of ever-increasing horse-
power were employed, but the basic configuration of these aircraft may 
be thought of as something of an upper plateau in propeller-driven air-
craft design. 

General Aviation at End of Decade 
As the 1930's drew to a close, the general aviation manufacturers 

offered the private owner and fixed-base operator a variet y of high-
priced, luxurious aircraft, as well as a number of inexpensive, more 
austere models. Among the latter, the Piper J-3 Cub is without ques-

96



DESIGN REVOLUTION, 1926-39 

tion the outstanding example. The prototype of the Cub, first flown in 
1931 during the early days of the Great Depression, fostered the devel-
opment of a number of light, low-powered, and, above all, inexpensive 
aircraft. The aircraft was initially produced by the Taylor Aircraft Com-
pany, which was subsequently acquired by William T. Piper and 
became the Piper Aircraft Corporation. The original Cub was refined 
and improved through the years and appeared in the definitive model 
J-3 form in 1937. The aircraft is illustrated in figure 4.15 and is seen to 
be a conventional, strut-braced, high-wing monoplane equipped with a 
fixed landing gear. The Cub carried two people seated one behind the 
other in a small enclosed cabin, one side of which could be opened to 
provide cooling in warm weather. The aircraft was equipped with 
brakes and had a steerable tail wheel; but most J-3's had no electrical 
system, hence, no starter, and, of course, no radio. 

Power was supplied by a variety of engines ranging from 40 horse-
power to 65 horsepower, with the 65-horsepower version being the 
most numerous. All the engines were four-cylinder air-cooled types 
with the cylinders arranged so that two cylinders were oriented at 1800 
to the other two. This cylinder arrangement, known as a flat engine, is 
used almost exclusively today on modern general aviation aircraft 
equipped with reciprocating engines. The cylinders of the engines on 

Figure 4.15 - PiperJ-3 Cub two-place training aircraft; 1938. [Peter C. Boisseau]
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the J-3 Cub protruded into the airstream to provide the necessary 
cooling. 

An adjustable stabilizer was provided for trimming the aircraft in 
flight. The Cub had no landing flaps, nor were any needed; the low 
wing loading of 6.8 pounds per square foot together with the thick, 
high-lift airfoil section in the wing gave a stalling speed of just over 40 
miles per hour. The large air wheels on the landing gear allowed the 
aircraft to be safely operated from soft muddy fields. The internal 
structure of the aircraft was conventional and consisted of a welded 
steel-tube fuselage, together with wings that incorporated metal spars 
and ribs (at least in the later models). The entire aircraft was covered 
with fabric. Most aircraft left the factory painted a distinctive yellow, 
which became almost a trademark for the Cub. 

The first cost of the Cub was modest, the operating expenses were 
low, and maintenance was minimal. A glance at the specifications con-
tained in table II shows that the performance was not spectacular, but 
the aircraft was completely viceless with respect to its flying and han-
dling qualities. All these factors made the Cub an ideal primary trainer. 
Thousands of pilots received their first dual instruction and made their 
first solo flight in the Cub during the explosive expansion of the U.S. 
Army and Navy Air Forces during World War II. In addition to train-
ing, the Cub was extensively used for liaison, observation, and other 
military duties during the war. About 20 000 of the J-3-type Cubs were 
produced, and a modernized, higher powered version known as the 
Piper PA-18 Super Cub is still in production at this time. Today, the 
aircraft is used for crop spraying, glider towing, fish spotting, and van-
Otis other utility tasks. Many thousands of Super Cubs have also been 
built. Surely, the Cub and its descendants have had one of the longest 
production runs of any aircraft in history. 

The larger, higher performance monoplane for the private owner 
and fixed-based operator was typified by the Stinson Reliant SR-813 il-
lustrated in figure 4.16. The Reliant represents the culmination of 
much experience accumulated by Stinson in the development of a long 
line of cabin monoplanes. The Stinson Reliant was a well-streamlined 
high-wing monoplane with a single strut supporting each wing, and a 
single strut type of landing gear with the wheels enclosed by pants. 
The radial engine was enclosed by a full NACA cowling and transmit-
ted power to the air by means of a controllable-pitch propeller. The 
luxuriousl y appointed cabin accommodated five people and included 
roll-down windows such as those used in automobiles. The aircraft had 
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Figure 4.16 - Stinson Reliant SR-8B Jive-place-cabin monoplane; 1937. [Peter C.

Boisseau] 

dual controls and a self-starter and was equipped with brakes, flaps, 
and all the latest flight instrumentation. The aircraft could be pur-
chased with one of a number of different engines that varied in power 
from 245 to 450 horsepower. The aircraft illustrated in figure 4.16 and 
described in table II was equipped with the Lycoming nine-cylinder 
radial engine of 245 horsepower. With this engine, the aircraft had a 
gross weight of 3650 pounds and a cruising speed of 140 miles per 
hour at 8000 feet. The performance of the Reliant is not particularly 
outstanding when compared with comparable general aviation aircraft 
today. However, the cabin of the Reliant was roomier and allowed 
elbow and leg room to a degree not usually available in modern single-
engine general aviation aircraft. The entire structure of the aircraft was 
metal, with the exception of the skin which was the familiar doped 
fabric. During World War II, a version of the Reliant was built as a 
trainer for the Canadian government. Many of these aircraft reverted to 
civilian status following the end of World War II. Production of the 
beautiful Reliant did not resume following the close of the war, and, 
today, examples of this aircraft are highly prized by collectors of an-
tique aircraft. 

Many biplanes manufactured during the late twenties and thirties 
were still in use in 1939, and several types were in production. Of
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these, two were high-performance, high-priced cabin aircraft. The most 
distinctive, and the one that represented the highest level of tech-
nology ever achieved in a biplane design, was the Beechcraft D-17. The 
prototype of the D-17 was first flown in 1932, and the type was contin-
ually refined and developed for many years. Production of the D-17 
ended in 1948 after 784 models had been produced. The aircraft is il-
lustrated in figure 4.17 and is seen to be a highly streamlined biplane 
equipped with retractable landing gear, full NACA cowling around its 
radial engine, and only a single I-type of interplane strut between the 
two wings on either side of the fuselage. A minimum of wire bracing 
was employed between the wings. A distinctive feature of the aircraft is 
the negative stagger; that is, the upper wing was mounted behind the 
lower wing. This particular arrangement was not unique with the Beech 
but had been employed on such aircraft as the DeHavilland 5 and Sop-
with Dolphin in World War I. (See chapter 2.) However, the arrange-
ment has been rarely used and is responsible for the term "Stagger 
Wing Beech" by which the D-17 is almost universally identified today. 
The term is not definitive, however, since most biplanes have the wings 
staggered, with the upper wing usually being forward of the lower 
wing; this arrangement is referred to as positive stagger. One may 
speculate on the reasons why the negative stagger wing arrangement 
was used in the design of the Beech. If the landing gear is to be re-

Figure 4.17 - Beech D-1 7Sfour-place-cabin biplane; 1939. [Peter C. Boisseau] 
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tracted into the lower wing, a most desirable feature, then the wing 
must be placed sufficiently far forward so that the landing gear is well 
ahead of the center of gravity of the aircraft; this location is necessary 
for ground stability. (The prototype and the first few aircraft produced 
had a short, highly streamlined, fixed gear attached to the lower wing.) 
To place the aerodynamic center of the aircraft in the proper relation-
ship to the center of gravity, the upper wing must then be mounted 
behind the lower wing. 

The Beech D-17 could be purchased with any one of a number of 
engines, ranging from about 200 to 450 horsepower. The particular 
version shown in figure 4.17 is the model D17S of about 1939 and was 
equipped with the 450-horsepower Pratt & Whitney Wasp Jr. engine. 
The aircraft was fully equipped with all the latest innovations, including 
controllable-pitch propeller, self-starter, full instrument panel, and, of 
course, brakes. Plain flaps were also employed on the upper wing. Four 
passengers were accommodated in the luxuriously appointed cabin. 
The fuselage of the aircraft was constructed of welded steel tubing and 
employed wooden formers and stringers to provide the necessary 
streamlined shape. The wings were constructed of wood, and the entire 
aircraft was covered with fabric. According to table II, the cruising 
speed of the aircraft was 202 miles per hour at 9700 feet, and the stall-
ing speed was a relatively low 50 miles per hour. The zero-lift drag co-
efficient was a very low 0.0182. The Beech D-17 can truly be said to 
represent the ultimate in biplane development.
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Chapter 5 
Design Refinement, 1939-45 

Background 

T
he years of World War II saw extensive manufacturing, engineer-
ing, and research and development activity in the aviation industry. 

A similar explosive growth in aeronautical activity occurred during 
World War I; yet, there was a difference. World War I, as discussed in 
chapter 2, was characterized by experimentation of all types; different 
configurations, different materials and types of construction, and radi-
cally different types of engines were investigated and tested under 
actual combat conditions. 

The definitive form of the propeller-driven aircraft had crystallized 
by the beginning of World War II, as discussed in chapter 4. All high-
performance military aircraft used in World War II were designed to 
the same basic formula: internally braced, all-metal monoplane, 
equipped with retractable landing gear, wing flaps, controllable-pitch 
propeller, and enclosed compartment for the crew. This design concept 
was successfully applied to fighters, bombers, observation aircraft, and 
various other types of aircraft utilized during the war. The emphasis on 
research, development, and engineering was on achieving higher per-
formance with this standard design formula. The quest was for higher 
speeds and altitudes, more maneuverability, longer range, better han-
dling characteristics, and means for maintaining the landing speed 
within acceptable limits. These demands called for lighter weight, 
stronger structures, higher powered engines, and detailed aerodynamic 
refinement. The following section briefly describes a few representative 
areas of aerodynamic refinement. 

Aerodynamic Problems and Refinements 
A vast amount of aerodynamic research was conducted in the 

United States, Great Britain, Germany, and Italy during the years of 
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World War II. No attempt will be made to give a complete summar y or 
abstract of this work; however, a few examples taken from NACA re-
search may serve to indicate the flavor of the activity. More detailed 
accounts of the research in aerodynamics may be found in references 
49, 56, and 104. 

Airfoils and High-Lift Devices 
The low drag coefficients achieved by internall y braced mono-

planes equipped with retractable landing gears suggested that any fur-
ther large reductions in drag could only be achieved through the main-
tenance of extensive laminar flow over the surfaces of the aircraft. The 
boundary-layer flow of contemporary aircraft was essentially all turbu-
lent; and since the skin friction coefficients for turbulent flow are much 
higher than those for laminar flow, the achievement of laminar flow on 
the surface of the aircraft would be expected to y ield large reductions 
in drag. For example, the skin friction coefficient on a flat plate is re-
duced by a factor of almost 2 as the point of transition from laminar to 
turbulent flow is moved from the leading edge to the 50-percent-chord 
location. In the late 1930's, NACA's Langley Memorial Aeronautical 
Laboratory undertook the development of special airfoils designed to 
achieve extensive regions of laminar flow. The problem involved exten-
sive theoretical and experimental investigations and the development 
of an entirely new low-turbulence wind tunnel. The early work on lam-
inar-flow airfoils is described by Jacobs in reference 76, which was 
originally published in June 1939. The development of laminar-flow 
airfoils continued throughout the years of World War II and for several 
years thereafter. Over 100 different airfoils were derived. The charac-
teristics of these airfoils were published in summary form in reference 
18, and a complete exposition of airfoil theory and presentation of air-
foil aerodynamic characteristics are given in reference 17. 

The profile shapes of two NACA low-drag airfoil sections com-
pared with a conventional airfoil are shown in figure 5.1. The airfoils 
designated as NACA 66-212 and NACA 63-412 are the laminar-flow, 
or low-drag, sections; and the airfoil designated as NACA 23012 is a 
conventional airfoil designed during the 1930's. The 66-212 airfoil 
was designed to maintain laminar flow to the 60-percent-chord point, 
and the 63-412 was designed to maintain laminar flow to the 30-per-
cent-chord point. The designation system used for these airfoils, as 
well as older conventional NACA airfoil sections, is described in refer-
ence 17. As compared with the conventional section, the laminar-flow 
sections are seen to have the point of maximum thickness located far-

104



DESIGN REFINEMENT, 1939-45 

NACA 23012 

NACA 63-412 

NACA 66-212 

Figure 5. 1 - Shapes of two NA GA low-drag airfoil sections compared with NA CA

23012 airfoil section. 

ther aft along the chord of the airfoil. The aft location of the maximum 
thickness point is associated with the need to achieve a particular type 
of airfoil-surface pressure distribution and is also desirable from the 
point of view of structural design. A comparison of the section drag 
characteristics of the NACA 63-412 airfoil and the NACA 23012 air-
foil is shown in figure 5.2, in which the drag coefficient is plotted as a 
function of the lift coefficient for the two airfoils in both the smooth 
and rough condition. 

The bucket in the drag curve for the 63-412 airfoil corresponds 
to the lift coefficient range in which laminar flow is achieved. In the 
rough condition, the drag characteristics of the conventional and lam-
inar-flow airfoils are very similar. The roughness employed in the test 
was a sandlike material that was intended to fix transition near the 
leading edge in a manner corresponding to a rough and poorly main-
tained airplane wing. The North American XP-51, which flew in proto-
type form in 1940, was the first aircraft to employ a laminar-flow-type 
airfoil section, and most subsequent high-performance aircraft designs 
utilized these airfoils. One of the essential requirements for achieving 
laminar flow is that the surface of the wings be manufactured and 
maintained in an extremely smooth and fair condition. (The term 
"fair" means that the wing surfaces must be essentially free from 
waves, that is, ripples, and must conform very closely to the specified 
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Figure 5.2 - Drag characteristics of NACA low-drag and conventional airfoil sections 

with both smooth and rough leading edges. 

Contour shape.) This requirement Could be met with highly accurate 
wind-tunnel models. Unfortunately, methods of aircraft manufacture 
and maintenance during World War II, and even today, were such that 
only very small regions of laminar flow located near the leading edge 
of the wing could be achieved on practical operational aircraft. As a 
consequence, the use of NACA laminar-flow airfoil sections has never 
resulted in any significant reduction in the drag as a result of the 
achievement of laminar flow. A practical means for achieving extensive 
regions of laminar flow under ever y day operating conditions remains a 
problem today and is still one of the great unsolved challenges in aero- 
nautical research. The NACA low-drag airfoils have seen extensive use 
and continue to be used on high-performance aircraft because they 
have better characteristics at high subsonic Mach numbers than con-
ventional airfoil sections. The effectiveness of the NACA laminar-flow 
airfoils as a means for delaying the adverse effects of compressibility at 
high subsonic Mach numbers is a classic example of a new technical 
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concept developed to solve one problem but proving highly useful in 
the practical solution of an entirely different one. Figures 5.1, 5.2, and 
5.3 were taken from the unpublished proceedings of a NACA confer-
ence held in September 1946 for the purpose of providing representa-
tives of the general aviation industry with the results of previously clas-
sified technical data generated during the World War II years. 

As the wing loadings of high-performance military aircraft steadily 
increased, the desirability of maintaining the stalling speed within ac-
ceptable limits dictated the need for extensive work on high-lift devices 
to increase the maximum lift coefficients of aircraft. The types of trail-
ing-edge flaps used in the mid- to late 1930's were usually of the 
simple plain or split type. For example, the Douglas DC-3 employed 
simple split-type flaps. Extensive wind-tunnel studies, however, were 
made of more complex high-lift devices both before and during World 
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War II. A summary of the state of the art of high-lift device design at 
the end of World War II is indicated in figure 5.3, in which the maxi-
mum lift capabilities of airfoils equipped with various types of leading-
and trailing-edge high-lift devices are shown. The maximum lift coeffi-
cient of an airfoil equipped with a plain flap, split flap, single-slotted 
flap, double-slotted flap, and double-slotted flap in combination with a 
leading-edge slat are shown in figure 5.3. The use of a double-slotted 
flap and leading-edge slat increases the maximum lift coefficient from 
about 1.4 for the plain airfoil to a value slightly over 3.2. The Douglas 
A-26 was the first aircraft to employ a double-slotted flap, and the 
combination of double-slotted flap and slat was not used to any great 
extent until well after World War II. Many of today's jet transports 
employ double-slotted flaps or even triple-slotted flaps in combination 
with leading-edge slats and flaps. The leading-edge flap is not shown in 
figure 5.3 since it was a German development and was not known in 
this country until German data became available following the end of 
World War II. Many general aviation aircraft of today employ either 
plain flaps or single-slotted flaps. The airfoil with double-slotted flaps 
and slats shown at the top of figure 5.3 with a maximum lift coefficient 
of about 3.8 employed boundary-layer suction through a single mid-
chord slot to delay separation of the boundary layer and thus increase 
the maximum lift coefficient. This concept was the subject of numerous 
experiments in wind tunnels but has never been utilized on a produc-
tion aircraft. Various types of boundary-layer blowing have been em-
ployed for improving the maximum lift coefficient. This type of bound-
ary-layer control became practical, however, only after the development 
of the turbine engine. The values of maximum lift coefficient given in 
figure 5.3 are for a two-dimensional airfoil section and are higher than 
would be obtained on a three-dimensional airplane wing equipped with 
partial span flaps. 

Drag Cleanup 
The internally braced monoplane with retractable landing gear, 

typified by the Douglas DC-3 shown in figure 4.12, would ideally be 
expected to have a zero-lift drag coefficient only slightly in excess of 
that which would be calculated with the use of the total wetted area of 
the airplane and a skin friction coefficient corresponding to a turbulent 
boundary layer. Such an ideal drag coefficient, however, is never 
achieved in actual service aircraft. The German Messerschmitt 109 
fighter, for example, is shown in reference 72 to have a zero-lift drag 
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coefficient about twice the value corresponding to the ideal based on 
wetted area and a turbulent skin friction coefficient. The increases in 
drag above the ideal value result from one or more of the following: 

(1) Projection of various items outside of the smooth basic con-
tour of the aircraft 

(2) Roughness or unevenness in the aircraft surface 
(3) Unintentional leakage of air through the aircraft structure 
(4) The use of large quantities of excess air for various cooling 

functions 
(5) Areas of local flow separation 

Experience gained during the 1930's from the investigation of full-
scale aircraft in the Langley full-scale (30- by 60-foot) wind tunnel had 
given an indication of the importance of detailed design in the achieve-
ment of low drag coefficients on actual full-scale aircraft. Thus, during 
World War II, some 23 military aircraft were the subject of drag clean-
up investigations in the Langley full-scale tunnel. Individual reports 
were issued following the investigation of each aircraft, and two sepa-
rate summary reports covering the drag cleanup work were issued by 
the close of World War II. Recently, the data obtained during these 
various investigations have been summarized again and issued as a 
NASA publication, reference 42. The data obtained in the drag cleanup 
tests during World War II have been reissued in a modern report in 
order that they may be more available to the designers of modern gen-
eral aviation aircraft. 

A full-size aircraft installed in the Langley full-scale tunnel for a 
drag cleanup investigation is shown in figure 5.4. In this case, the air-
craft is a Curtiss SB2C-4 Navy dive bomber popularly known as the 
Helldiver. The aircraft is mounted on three struts, two of which are lo-
cated near the longitudinal center of gravity on either side of the air-
craft center line and the third is located near the tail of the aircraft. 
These struts are attached to scales from which the lift, drag, and pitch-
ing moment can be measured. The two large four-bladed fans visible in 
the background of the photograph are connected to 4000-horsepower 
electric motors that provide the power necessary to drive the tunnel. 
The top speed of the tunnel is about 100 miles per hour. An indication 
of the size of the tunnel is shown by the man standing on the lip of the 
exit bell of the open throat test section of the tunnel. The Langley full-
scale tunnel was first put into operation in 1931, has been continually 
used through the years since then, and is still in use at this time.
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Figure 5.4 - Curtiss SB2C-4 mounted in LangievJull-scale tunnel Jor drag cleanup

investigation. [NASA] 

Drag cleanup investigations are still performed even today. A 
modern twin-engine general aviation aircraft is the most recent exam-
ple of such an investigation. The procedure followed in a wartime drag 
cleanup study consisted of the following steps: First, the aircraft was 
examined in detail, those features suspected of causing unnecessary 
drag were identified, and necessary changes to eliminate the suspected 
unnecessary drag were planned. The airplane was then put in a faired 
and sealed condition in which all protrusions were either removed or 
carefully faired, all openings were closed, and all external leaks were 
sealed. The airplane was then returned to its service condition, item by 
item, and the drag was evaluated for each step. The procedure is illus-
trated by the results contained in figure 5.5 taken from reference 42, 
which shows the sources of drag for the Seversky XP-41 aircraft. The 
XP-41 airplane was very similar in appearance to the Seversky XP-35 
shown in figure 4.14. Figure 5.5 shows that the aircraft drag was evalu-
ated for 18 different conditions, which are indicated by sketches on the 
left-hand side of the figure and described on the right-hand side of the 
figure. The drag coefficient of the clean airplane was 0.0166, as corn-
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pared with 0.0275 for the aircraft in the service condition. In order to 
convert the clean configuration into a useful practical aircraft, the drag 
was increased by about 65 percent of the value obtained for the clean 
aircraft. All the additional drag, however, was found to be unnecessary. 
Further tests and analyses showed that the additional drag could be re-
duced by more than one-half through careful tailoring of various as-
pects of the design. The drag coefficient of a practical service aircraft 
of the XP-41 type was accordingly reduced from 0.0275 to 0.0226. The 
data in figure 5.5 indicate that the increments in drag coefficient corre-
sponding to the 18 steps of the cleanup process are generally rather 
small and, in many cases, only a few percent of the total drag coeffi-
cient. Yet, taken all together, these increments add up to an impressive 
total. Important performance improvements resulted from the drag 
cleanup of the 23 militar y aircraft in the Langley full-scale tunnel. In 
many cases, the gains associated with care and attention to detailed 
design were found to be greater than the differences in drag between 
airplanes of different configurations. The drag cleanup work made an 
important contribution to the refinement of high-performance propel-
ler-driven aircraft during World War II, and the gains resulting 
from the program often spelled the difference in performance between 
victory and defeat in the air. 

Compressibility Effects 
Until the late 1930's, aircraft were designed on the assumption 

that the air flowing over the wings and other surfaces was essentially 
incompressible, like water. As speeds and altitudes increased, however, 
the effects of compressibility on the flow over the aircraft began to 
assume increased importance. The ratio of the aircraft speed to the 
speed of sound provides a useful index for gaging the speed at which 
significant compressibility effects begin to manifest themselves on a 
particular aircraft. This ratio is called the Mach number, in honor of 
the famous Austrian physicist Ernst Mach. The critical Mach number is 
defined as the aircraft flight Mach number at which the local Mach 
number over some portion of the aircraft, such as the upper surface of 
the wing for example, equals unity; that is, the flow at this point has 
reached sonic velocity. 

Large changes in the pressures, forces, and moments acting on a 
wing or body occur at Mach numbers somewhat in excess of the critical 
value. These changes in aerodynamic characteristics result from the 
formation of shock waves and attendant flow separation behind the 
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shock wave. An example of the effects of compressibility on the lift and 
drag characteristics of a 15-percent-thick airfoil section is shown in 
figure 5.6 (from ref. 48). The section lift coefficient and the section 
drag coefficient are shown as a function of Mach number in figure 
5.6(a) and (b), respectivel y . Precipitous reductions in lift coefficient occur 
with increases in Mach number beyond the critical value. The Mach 
number at which the lift begins to show a sharp decrease becomes 
smaller as the angle of attack is increased since the critical Mach 
number decreases with increasing angle of attack. Apparent also is the 
large reduction in lift-curve slope at the higher Mach numbers. For ex-
ample, at a Mach number of 0.4, the lift coefficient increases from 0.2 
to about 0.72 as the angle of attack varies from 0° to 5°; whereas, at a 
Mach number of 0.8, increasing the angle of attack from 0° to 5° re-
suits in an increment in lift coefficient of only about 0.2. The drag co-
efficient shows a large increase with Mach number as the Mach number 
is increased beyond the critical value. For example, at an angle of 
attack of -I', the drag coefficient increases from about 0.015 at a 
Mach number of 0.65 to 0.13 at a Mach number of 0.9. 

Engine cowlings, canopies, propellers, fuselages, and other aircraft 
components were also found to be subject to large compressibility ef-
fects. Although not shown by the data in figure 5.6, large Mach 
number effects were found in the pitching-moment characteristic of the 
airfoil and in the effectiveness of various types of trailing-edge control 
surfaces. The effect on the airplane of these various changes in aerody-
namic coefficients manifested itself in the form of a limiting speed, 
large changes in stability and trim characteristics of the aircraft, impor-
tant reductions in the control power of the control surfaces, buffeting, 
loss in propulsive efficiency and various types of aircraft oscillation, 
and unintended maneuvers. In some cases, aircraft flown deep into the 
compressible regime became completely uncontrollable and could not 
be recovered. Loss of the aircraft and pilot frequently occurred under 
these circumstances. The state of understanding of compressibility ef-
fects in 1941 is outlined in reference 105, which was initially issued as 
a confidential report; a broader survey of knowledge in the field of 
compressibility aerodynamics is given in the Wright brothers lecture 
for 1944, which is cited as reference 106. 

Extensive investigations were undertaken in the United States and 
Europe in an effort to better understand compressibility phenomena 
and, in particular, to devise design methods for increasing the value of 
the critical Mach number and reducing the adverse effects of compress-
ibility that occur beyond this Mach number. These efforts were ham-
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pered by fundamental difficulties in both theoretical and experimental 
methods of investigation. The governing equations for flows near Mach 
number 1.0 proved intractable to closed-form solution. Adequate solu-
tions to these nonlinear equations were not possible until the advent of 
the large-capacity, high-speed digital computer in the late 1960's and 
1970's. Practical theoretical approaches to the compressibility problem 
during the war years usually involved the application of relatively 
simple correction factors to results obtained under the assumption of 
incompressible flow. These correction factors worked fairly well up to 
Mach numbers relatively close to the critical value but broke down 
completely at higher Mach numbers. The wind tunnel which had proved 
so useful in past aerodynamic investigations also became of question-
able value at Mach numbers somewhat in excess of the critical value. At 
some Mach number, not too much higher than the critical value for the 
airfoil or body, the tunnel "choked," which meant that no higher free-
stream Mach numbers could be obtained. A Mach number range be-
tween the subsonic choking value and some supersonic value, such as 
1.2 or 1.3, was not available for wind-tunnel investigations. Supersonic 
tunnels operating beyond a Mach number of 1.2 or 1.3 were possible 
but were of little practical interest during the World War II time 
period. The solution to the problem of wind-tunnel choking was not 
found until the advent of the slotted and perforated-throat wind tunnel 
in the early 1950's. 

In spite of these experimental and theoretical difficulties, a good 
deal of progress was made in devising improved configuration concepts 
for high-speed flight. The laminar-flow airfoil sections described previ-
ously did not achieve the desired objective of extensive laminar flow in 
flight: however, the pressure distributions of these airfoil shapes re-
sulted in critical Mach numbers that were significantly higher for these 
sections than for other airfoil sections having the same thickness ratios. 
Most aircraft designed in the United States after 1940 employed the 
NACA laminar-flow airfoil sections or some modification of these sec- 
tions, primarily because of the advantages they offered as a means for 
increasing the critical Mach number. The original NACA cowling, 
which was developed before aircraft speeds reached high enough 
values for compressibility effects to be important, had a critical speed 
of only about 300 miles per hour at 25 000 feet. New cowling shapes 
were developed that ultimately raised the critical speed to almost 600 
miles per hour. Studies of various wing-body combinations led to con-
figuration concepts that resulted in reduced interference effects and, 
hence, higher critical Mach numbers.
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Propellers usually encounter the adverse effects of compressibility 
at flight Mach numbers below that at which the aircraft configuration 
itself penetrates the critical region because portions of the blades of 
the propeller, particularly near the tip, are traveling at a higher speed 
relative to the air than the aircraft itself. Compressibility problems on 
aircraft propellers were first encountered during the 1930's, and re-
search studies were made in those years in an effort to improve propel-
ler design. This work continued on through World War II. One major 
investigation that gives an indication of the type of research undertaken 
in the development of improved propellers is described in reference 
108. New planform shapes, new twist distributions, and new airfoil sec-
tions designed especially for propellers all combined to result in signif-
icant increases in the stream Mach number at which the propeller 
showed serious losses in efficiency. It seemed clear, however, that the 
propeller was likely to constitute the ultimate limitation on the speeds 
that could be reached with aircraft employing this means of propulsion. 

The basic principles underlying the proper design of aircraft con-
figurations intended for flight at high subsonic and transonic Mach 
numbers were fairly clear by the end of World War II. The need for 
small thickness ratios on wings and tail surfaces and high fineness 
ratios on bodies became increasingly evident by 1945. The P-51D air-
plane, one of the best of the United States fighter aircraft of World 
War II, employed a wing of about 15-percent thickness ratio; by con-
trast, the wings of transonic and supersonic aircraft of today are more 
likely to be of the order of 4 to 5 percent in thickness ratio. The use of 
wing sweepback as a means for increasing the critical Mach number 
and reducing the adverse effects of compressibility beyond the critical 
Mach number was first proposed in the United States in 1945. (See ref. 
77.) The advantages of sweepback had been recognized in Germany at 
an earlier date, and the Messerschmidt ME-163 tailless rocket fighter 
employed a sweptback wing. This aircraft saw limited operational use 
toward the end of World War II but was not particularly effective as a 
fighter because of the capricious nature of its rocket propulsion system. 
The use of wing sweepback, together with small thickness ratios and 
high fineness ratios, and later combined with the transonic area rule, 
provided the basic configuration elements needed for successful air-
craft of high subsonic and transonic speed. The loss in propulsion effi-
ciency at high subsonic Mach number remained the stumbling block to 
the development of successful aircraft for use at high subsonic and 
transonic speeds. The advent of jet propulsion solved this problem 
and, in addition, was capable of producing the large powers required 
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for flight at these high speeds with a simple and light type of propul-
sion system. The large power-producing characteristic of the turbine 
engine is related directl y to the large air-handling capability of this 
engine as compared with the reciprocating engine. The jet engine then 
became the basis for all high-performance aircraft developed after 
about 1945. When used in combination with the configuration concepts 
just discussed, this propulsion system resulted in the high-performance 
subsonic and supersonic aircraft in operation today. Jet aircraft form 
the subject of part II of this book. 

Flying and Handling Qualities 

The flying and handling qualities of an aircraft have been of great 
interest since the earliest days of aviation. As pointed out in chapter 2, 
an aircraft with good handling characteristics must obey the pilot's 
inputs precisely, rapidl y , and predictably without unwanted excursions 
or uncontrollable behavior and, finally , without excessive physical 
effort on the part of the pilot. Preferably, the aircraft should possess 
these desirable characteristics throughout its performance envelope. A 
well-known NACA test pilot of World War II and earlier years, Melvin 
N. Gough, put it in a slightly different form when he stated that "the 
flying qualities of an aircraft may be defined as the stability and control 
characteristics that have an important bearing on the safety of flight 
and on the pilot's impressions of the ease and precision with which the 
aircraft may be flown and maneuvered." For mans' years, there was 
considerable speculation as to what flying characteristics were desired 
in an airplane, and the entire subject was discussed in terms of the 
qualitative opinions of various pilots. Several years prior to World War 
II, a flight research program was undertaken in which the response 
characteristics of the aircraft following known control inputs were 
measured and correlated with pilots' opinions of the behavior of the 
aircraft, and, finally, related to the engineering parameters employed in 
the design of the aircraft. NACA continued the investigation of flying 
and handling qualities of various aircraft and, by the beginning of 
World War II, had assembled complete qualitative information on 12 
different aircraft. From the fund of information accumulated in these 
tests, it was possible, in 1941, for NACA to prepare a set of require-
ments (ref. 53) for satisfactory fl ying qualities in terms of quantities 
that had been measured in flight and could be estimated by engineers 
during the design of a new aircraft.
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Flying qualities requirements may be listed under the broad head-
ings of longitudinal stability and control characteristics, lateral stability 
and control characteristics, and stalling characteristics. The scope of 
flying qualities specification at that time is indicated in the following 
list of categories in which criteria were developed: 

A. Requirements for longitudinal stability and control: 
(1) Elevator control and takeoff 
(2) Elevator control in steady flight 
(3) Longitudinal trimming device 
(4) Elevator control in accelerated flight 
(5) Uncontrolled longitudinal motion 
(6) Limits of trim due to power and flaps 
(7) Elevator control and landing 

B. Requirements for lateral stability and control: 
(1) Aileron control characteristics 
(2) Yaw due to ailerons 
(3) Rudder and aileron trim devices 
(4) Limits of rolling moment due to sideslip 
(5) Rudder control characteristics 
(6) Yawing moment due to sideslip 
(7) Crosswind force characteristics 
(8) Pitching moment due to sideslip 
(9) Uncontrolled lateral and directional motion 

C. Stalling characteristics: 
(I) Pitching-moment characteristics 
(2) Rolling- and yawing-moment characteristics 
(3) Control forces 
(4) Recovery 

These various categories are not discussed in detail here and are only 
given to indicate the extent of design criteria available at that time. 
Most of the control criteria involved specification of the control power, 
that is, the ability of the control to cause the aircraft to respond in the 
desired manner, and control force and control-force gradients that 
relate to the physical effort the pilot must exert in order to actuate the 
controls by an amount needed to give the desired response. For exam-
ple, the elevator control in accelerated flight is expressed in terms of 
the pounds of force that the pilot must exert on the control column in 
order to produce an acceleration of 1 g. 
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The U.S. Army and Navy revised the general NACA flying qualities 
specifications to their immediate specific requirements and looked to 
NACA to continue its investigations and refinement of existing and 
new military aircraft. By the end of World War II, the total number of 
airplanes studied in flight by NACA increased from 12 to 60. A good 
discussion of the state of understanding of aircraft stability and flying 
qualities at the close of World War II is given in reference 102. The 
study and refinement of aircraft flying and handling qualities have con-
tinued through the years as aircraft speed, size, and configuration have 
changed and today form a highly sophisticated branch of aeronautical 
engineering. 

Although not a specific part of the flying qualities requirements as 
defined in reference 53, aircraft spinning and spin recovery might be 
briefly mentioned under category C above, designated as stalling char-
acteristics. In 1936, NACA put into operation at the Langley Memorial 
Aeronautical Laboratory the world's first vertical free-spinning wind 
tunnel. This tunnel was developed for the purpose of studying the con-
trol motions required to permit rapid and desirable recovery of an air-
craft once it was in a spin, and for developing stability and control cri-
teria for aircraft design so that the aircraft would have desirable spin 
recovery characteristics. During the war years, spin investigations were 
conducted in the free-spinning tunnel on approximately 150 different 
military airplane designs to determine recovery characteristics from de-
eloped spins. From the results of these investigations, criteria were 

developed for selection during the design process of proper design pa-
rameters so as to ensure good spin recovery. 

Summary Comments 
The preceding paragraphs describe four aspects of aerodynamic 

technology that were the subject of intensive research and refinement 
during World War II. These are intended to serve only as typical ex-
amples of the type of detailed research and refinement that took place 
in all technical areas involved in aeronautical engineering. Many other 
aspects of the science of aeronautics were under intensive investigation. 
Structures and materials technologies were advanced and methods of 
mass production were developed that resulted in the output of over 
95 000 airplanes in the United States during one year of World War II. 
Propulsion technology, including engines, superchargers, fuels, and so 
forth, was the subject of intensive research and development. As an ex-
ample, the magnificent Rolls-Royce Merlin engine developed about 970 
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horsepower as installed in the original prototype of the Hurricane 
fighter; by the end of World War II, some versions of the Merlin 
engine developed 1600 to 1700 horsepower. The appearance of mili-
tary aircraft changed very little in the time period between 1935 and 
1945; however, the combat aircraft that existed in 1945 was far su-
perior to its 1935 progenitor because of intensive work aimed at detailed 
refinement of all aspects of aeronautical design. 

Examples of World War II Aircraft 
Aircraft employed in World War II were usually designed to fill 

mission requirements in one or more of the following broad categories: 

(1) Heavy bombers 
(2) Attack and light bombers 
(3) Fighters and interceptors 
(4) Patrol and reconnaissance 
(5) Transport and utility 
(6) Training 

Many aircraft specifically designed for use in one of these categories 
were later found to be useful in other categories with only minor modi-
fications. There is no feasible way of describing all the outstanding 
World War II aircraft in such a short account as this one. A number of 
the books listed in the references at the end of this volume contain ex-
cellent detailed descriptions of the various aircraft used by the different 
warring powers during World War II. For those particularly interested 
in United States combat aircraft, reference 118 is highly recommended. 
Fighters and bombers of World War II are described in great detail in 
references 58 to 63. Combat aircraft of all the nations that saw oper- 
ational service are described in reference 112. 

A few examples of much-used United States bomber and fighter 
aircraft are illustrated and described below. These aircraft are repre-
sentative of a vast array of very good aircraft produced by both Allied 
and Axis countries during World War II. The aircraft of no one coun-
try held a clear and continuing technical advantage over those of an-
other country for very long. United States, British, and German aircraft 
were usually of about the same state of the art from a technological 
viewpoint. Detailed refinements discussed in the preceding paragraphs 
frequently spelled the difference between success and failure in combat 
operations. Essentially, all combat aircraft utilized in the World War II 
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period were, as previously described, designed to the same cantilever 
monoplane formula with retractable landing gear, variable-pitch pro-
peller, and metal construction. 

Bomber Aircraft 

The bomber aircraft discussed here fall into the following catego-
ries: heavy, very heavy, and medium multiengine bombers, and single-
engine Navy scout bombers. Discussed first are the heavy bombers. 

Two outstanding heavy bombers that served with the U.S. Army 
Air Force were the Boeing B-17 and the Consolidated B-24. The two 
types are best remembered as the aircraft that carried out the United 
States strategic bombing offensive against Germany. The Boeing B-17 
Flying Fortress, which first flew in prototype form in 1935, is described 
in chapter 4 and illustrated in figure 4.13. The B-24 Liberator, de-
signed several years later than the B-17, was first flown as a prototype 
in December 1939, and the first production aircraft was delivered in 
1941. The B-24, a four-engine, 56000-pound bomber, had roughly the 
same gross weight and was designed for the same mission as the B-17 
but differed radically in design concept and appearance from the 
Boeing aircraft. The B-24 bomber is illustrated in figure 5.7, and the 
characteristics of a B-241 are given in table III (appendix A). The most 
distinguishing features of the B-24 as contrasted with the B-17 were 
the high-aspect-ratio wing mounted atop the fuselage, the tricycle land-
ing gear, and the two fins and rudders. The wing of the B-24 had a 
very high aspect ratio of 11.55 and employed the much-publicized 
Davis airfoil section that, according to the popular aviation literature of 
the day, was supposed to provide the aircraft with unusually efficient 
aerodynamic characteristics. Later, wind-tunnel tests showed that while 
the Davis airfoil had reasonably good aerodynamic characteristics it of-
fered no marked superiority over contemporary airfoils of that time 
period. The high-wing position employed on the B-24 offered the dis-
tinct advantage of allowing the bomb bay, including bomb-bay doors, 
to be housed directly beneath the wing, thus permitting the bomb load 
to be located in the optimum position with respect to the aircraft 
center of gravity. The high wing, however, had the disadvantage Qf re-
quiring the use of relatively long, heavy landing-gear struts. An exami-
nation of the data given in tables II and III shows that the zero-lift 
drag coefficient of the B-24 was 0.0406 (table III) as compared with 
0.0302 (table II) for the B-17. Because of its high-aspect-ratio wing, 
however, the maximum lift-drag ratio of the B-24 was about the same 
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Figure 5.7 - Consolidated B-24 heavy bomber. [NASA] 

as that of the B-17. The B-24 had a maximum speed of 290 miles per 
hour and, on a typical mission, could carry a 5000-pound bomb load 
for a distance (one way) of 1700 miles. The B-24 was equipped with 
four 14-cylinder Pratt & Whitney engines of 1200 horsepower each. 
These engines employed turbosuperchargers, just as did the Wright 
Cyclone engines used on the B-17, and had a critical altitude of about 
30 000 feet. 

Both the B-17 and the B-24 were designed for high-altitude preci-
sion bombing in daylight without protection from fighter escort. In 
concept, the aircraft were to fly in close formation and protect them-
selves and each other with concentrated machine-gun fire. In accord-
ance with this doctrine, the B-17G carried no less than 13 .50-caliber 
machine guns and the B-24J had 10 such guns. In spite of this formi-
dable armament, however, combat experience showed an unacceptable 
loss rate from enemy air attack until fighter escort was provided for the 
bombers. 

Another aspect of the United States strategic bombing offensive 
against Germany that deserves mention was the effect of the hostile 
high-altitude environment on the air crews. Neither the B-17 nor the 
B-24 was pressurized or heated. Temperatures in the range from —30 
F to —50 F were encountered at altitudes of 25000 feet and above; 
and although crew members wore electrically heated flying suits, severe 
cases of frostbite were not uncommon. Later-generation bombers in-
tended for high altitude operations were both pressurized and heated. 

Somewhat over 18 000 B-24's were produced—more than any 
other American combat aircraft; furthermore, it was used as a bomber 
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Figure 5.8 - Boeing B-29 very heavy bomber. [NASA] 

in every theater of operation. Among the B-24 types produced was a 
cargo version known as the C-87 and a Navy patrol aircraft designated 
the PB4Y. The B-24 was a true workhorse and was used for many pur-
poses other than its design role as a bomber. 

Let us turn now to another and later class of bomber, the Boeing 
B-29. The B-29 was designated as a very heavy bomber by the U.S. 
Army Air Forces and, with a gross weight of 120000 pounds (later to 
increase to more than 140 000 pounds), was the heaviest combat air-
craft to be produced in quantity by any country during World War II. 
It grew from a requirement for an aircraft capable of carrying a signifi-
cantly greater load for a longer range than was possible with either the 
B-17 or the B-24. The first test flight was made on September 21, 
1942, and the first operational sortie was made on June 5, 1944 in a 
mission against Bangkok that originated in India. Truly, a phenom-
enally short development time for such an advanced aircraft. A major 
instrument in the defeat ofJapan, the B-29 was used with great effective-
ness in night raids against Japanese industry during the latter part of 
1944 and in 1945. The aircraft also had the distinction, some may think 
a dubious one, of carrying the only atomic bombs ever dropped in war. 

A B-29 is shown in figure 5.8, and characteristics of one version of 
the aircraft are given in table III. An examination of the photograph 
and accompanying data shows that the very-high-aspect-ratio wing 
(11.50) was mounted verticall y in the midposition on the long, slim fu-
selage. In contrast with the earlier Boeing B-17, the B-29 had a tricv-
cle landing gear with each leg having a two-wheel bogie and with the 
main gear retracting into the inboard engine nacelles. Each of the four 
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18-cylinder Wright 3350 twin-row radial engines had two General Elec-
tric turbosuperchargers that gave the 2200-horsepower engines a criti-
cal altitude of about 30 000 feet. Air induction to the turbosupercharg-
ers was provided by ducts beneath the engine and gave the cowlings a 
distinctive oval shape. Engine power was transmitted to the air by 
means of four-blade controllable-pitch propellers. A notable design fea-
ture of the aircraft was the apparent lack of an identifiable windshield 
in front of the pilots' compartment. Actually, to reduce the drag associ-
ated with the usual type of windshield, the nose of the aircraft was 
transparent and provided visibility for both the pilots and the bom-
bardier. Equipment innovations on the B-29 were pressurization and 
heating of the crew compartments and remotely controlled, power-op-
erated gun turrets equipped with .50-caliber machine guns. Two of 
these turrets were on top and two were on the bottom of the fuselage. 
In addition, the tail gunner had two such machine guns as well as a 
20-mm cannon. 

In addition to its great weight, another indication of the size of the 
B-29 was provided by the wing span of 141.3 feet. By comparison, the 
wing span of a modern Boeing 727 jet transport is 108 feet. Other pa-
rameters of the B-29 included a maximum speed of 357 miles per hour 
at 25 000 feet and a zero-lift drag coefficient of 0.0241. This drag coef-
ficient was substantially lower than the corresponding value of 0.0302 
for the B-17G, and the maximum value of the lift-drag ratio of the B-
29 was 16.8 as compared with 12.7 for the earlier bomber (tables II 
and III). Even with Fowler-type wing [laps, somewhat similar to the flap 
shown fourth from the top in figure 5.3, the stalling speed was 105 
miles per hour. Such a stalling speed was considered quite high for so 
large an aircraft when the B-29 was introduced. For a ferry flight the 
aircraft had a range of about 5000 miles. A maximum payload of 
20 000 pounds could be carried for 2800 miles; on a typical operational 
mission, 12 000 pounds of bombs could be carried for a distance (one 
way) of 3700 miles. The characteristics of the B-29 indicate that it rep-
resented a substantial advancement in design refinement as compared 
with earlier bombers. 

The B-29 and its look-alike successor the B-50 continued in serv-
ice with the United States Air Force for many years following the close 
of World War II. A number of these outstanding aircraft served their 
final years as tankers for air refueling of more modern, high-perform-
ance aircraft. The last of the B-50 tankers was retired in 1968. 

In addition to strategic bombers, medium bombers and attack air-
craft comprised another class of vehicle that usually had two engines 
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and were considerably lighter than the heavy, strategic type of aircraft. 
They were employed for short-range bombing missions and various 
types of ground support activities. The United States used a number of 
aircraft types in short-range bombing and ground support missions. 
Perhaps the best known of these aircraft were the North American 
B-25, known as the Mitchell, and the Martin B-26, known as the Ma-
rauder. The Martin B-26 is illustrated in figure 5.9, and some of the 
important characteristics of the aircraft are given in table III. The 
twin-engine B-26 follows the same high-wing monoplane formula as 
the Consolidated B-24 and had the same type of tricycle landing gear. 
Both the B-25 and the B-26 had the tricycle gear, and these aircraft, 
together with the B-24, set a precedent for landing gear design in 
future Air Force bomber aircraft. The B-26 was equipped with two of 
the new 18-cylinder Pratt & Whitney twin-row radial engines of 2000 
horsepower each. Since the aircraft was intended to operate at medium 
to low altitudes, these engines were only mildly supercharged and de-
veloped 1490 horsepower each at 14 300 feet. The aircraft weighed 
37 000 pounds fully loaded and had, for that day (1940) the exceed-
ingly high wing loading of 56.2 pounds per square foot. By comparison, 
the B-17 had a wing loading of 38.7 pounds per square foot, and the 
Seversky P-35 fighter had a wing loading of 25.5 pounds per square 
foot. As a result of the high wing loading and relatively ineffective 
flaps, the stalling speed of the B-26 was a very high 122 miles per 
hour. The high stalling speed together with certain other characteristics 
made the B-26 a demanding airplane for the pilot, and many accidents 
occurred in training with this aircraft. As a result, the B-26 was fre-

Figure 5.9 - '.iartin B-26F medium bomber. [Peter C. Boisseaul

125



QUEST FOR PERFORMANCE 

quently referred to by such unflattering names as "widow maker" and 
"the living prostitute" (i.e., no visible means of support). The zero-lift 
drag coefficient of the B-26 was 0.03 14, which was considerabl y lower 
than the 0.0406 of the B-24 and about the same as the value of 0.0302 
for the B-17. Other characteristics of the B-26 included a maximum 
speed of 274 miles per hour at 15 000 feet and the abilit y to carry a 
4000-pound bomb load for a distance of 1100 miles. Armament con-
sisted of 11 .50-caliber machine guns capable of being fired in various 
directions; several fixed, forward-firing guns were provided for ground 
attack use. 

The Martin B-26 was ordered into production directl y from the 
drawing board in September 1940, and a total of 5157 were built. The 
aircraft was used in both the European and Pacific theaters of oper- 
ation but was little used in the peacetime Air Force following the cessa- 
tion of hostilities in 1945. The North American B-25, counterpart of 
the B-26, was produced in greater numbers than the B-26 and is per-
haps better known today because it was the aircraft used by James H. 
Doolittle in the famous Tok yo raid of April 1942. About 9800 models 
of the B-25 were constructed, and they served with the Air Force fol-
lowing World War II in a variety of training and support roles. In other 
countries, they remained as a primary bomber aircraft until compara- 
tively recent years. 

Multiengine bombers, such as those just discussed, usually 
dropped their bombs from a level flight attitude or, in the case of 
medium bombers in the ground attack mode, from a shallow dive. In 
contrast, an entirely different technique known as dive bombing was pi-
oneered by the U.S. Navy during the decade preceding World War II. 
In this method of operation, the aircraft was put into a vertical or near-
vertical dive at an altitude 15 000 to 20 000 feet and aimed directly at 
the target. Bomb release usually took place at about 3000 feet, after 
which the aircraft made a high-g dive recover y to a level flight attitude. 
Dive bombing was found to be especially suited for use against small, 
slow-moving targets such as tanks and ships and was employed with 
devastating effectiveness against Japanese naval forces during World 
War II. 

Dive bombers were usually single-engine aircraft with a crew of 
two: a pilot and a rear-facing gunner situated behind the pilot. The 
most widely used U.S. Navy dive bomber during World War II was the 
Curtiss SB2C Helldiver series of which an SB2C-1 is illustrated in 
figure 5.10. The name "Helldiver" traced its origin to an earlier Cur-
tiss dive bomber of biplane configuration that appeared in the 1930's.
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With a wing span of nearly 50 feet and a normal gross weight of 14730 
pounds, the SB2C-1 was a large single-engine aircraft. Equipped with a 
1750-horsepower twin-row radial engine, the aircraft had a maximum 
speed of 281 miles per hour at 12400 feet; a stalling speed of 79 miles 
per hour facilitated operation of the SB2C-1 from the short deck of an 
aircraft carrier. Internal storage was provided in the fuselage for a 
1000-pound bomb. Typically, the aircraft could carry this bomb load 
for a distance of 1100 miles. Armament varied with different models of 
the aircraft. In one arrangement, four .50-caliber machine guns were 
fitted in the wings and the observer had two .30-caliber guns. 

Figure 5.10 shows the configuration of the SB2C-1 to have been 
entirely conventional for its time. A feature of the aircraft not evident 
in the photograph was the dive brakes used for limiting the speed of 
the aircraft while in its steep dive to the target. Trailing-edge split flaps 
that opened in a symmetrical configuration from the top and bottom 
surfaces of the wing were employed for this purpose; the symmetrical 
arrangement minimized the effect of flap deployment on longitudinal 
stability and trim. To reduce tail buffeting, the flaps were perforated 
with a large number of holes in the order of 3 inches in diameter (the 
exact size is not known). For landing, only the lower surface flaps were 
deflected. The need for dive brakes can be explained as follows: First, 
the normal acceleration, or g-load experienced by an aircraft during 
dive recovery, varies inversely as the radius of the pullout maneuver 
and directly as the square of the velocity; second, the accuracy with 
which the bomb can be dropped increases as the altitude of bomb re-
lease is reduced. Since 9 g's is about the maximum normal acceleration 
that a person can withstand and remain effective, the structural design 

/ 

Figure 5.10 - Curtiss SB2C-1 carrier-based scout bomber. [NASA]
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of the Heildiver was based on this loading. Hence, the dive speed had 
to be limited to stay within design load limits and, at the same time, 
permit bomb release at the desired altitude. Most modern jet fighters, 
of course, employ some form of speed brake, but the use of such de- 
vices was not common practice on World War II aircraft except for air-
craft designed for dive bombing. 

First flight of the Helldiver took place in December 1940, and it 
first entered combat in November 1943. Including Canadian produc-
tion, a total of over 7000 Helldivers were manufactured. The type was 
withdrawn from service in the U.S. Nav y in 1949 after a long and 
useful career. 

Fighter Aircraft 

Each of the major Allied and Axis powers developed a series of ef-
fective fighter aircraft. The British Hawker Hurricane and Supermarine 
Spitfire will long be remembered, particularly as being responsible for 
the air victory in the critical Battle of Britain in 1940. The famous 
German Messerschmitt 109 was the principal antagonist of the Spitfire 
and Hurricane during the Battle of Britain, and together with the 
Focke-Wulf 190, formed the mainstay of the Luftwaffe fighter forces until 
the end of World War II. The Japanese Mitsubishi Zero probably is the 
best-remembered Japanese fighter in this country because of the role it 
played in the attack on Pearl Harbor in December 1941. The North 
American P-51 Mustang, the Republic P-47 Thunderbolt, and the 
Lockheed P-38 Lightning are the best known of the U.S. Army Air 
Force fighters employed in World War II; the Grumman F617 Hellcat 
and the Vought F4U Corsair are equally well remembered for the out-
standing role they played as Navy fighters during the fierce conflicts in 
the Pacific area. A brief description of the North American P-51 and 
the Grumman F6F follows. These aircraft are considered typical of 
World War II land- and carrier-based fighter aircraft as employed by 
the United States armed forces. Because of its unusual configuration 
and interesting technical features, the Lockheed P-38 Lightning is also 
discussed. 

The North American P-51 Mustang is considered by many to rep-
resent the highest level of technical refinement ever achieved in a pro-
peller-driven fighter aircraft. The P-51 was originally designed to a 
British specification for use by the Royal Air Force (RAF) and was later 
adopted by the U.S. Arm y Air Forces. The aircraft was ordered by a 
British purchasing commission during the hectic days of April 1940, 
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with the understanding that the prototype was to be completed within 
120 days. The prototype was completed on schedule; however, first 
flight was delayed until October 1940. The aircraft first saw combat 
service with the RAF in July 1942. At first, the aircraft was equipped 
with a 12-cylinder Allison in-line engine of about 1200 horsepower. 
With this engine, the aircraft was intended as a low-altitude fighter and 
ground-attack machine. Later, the North American airframe was mated 
with the British Rolls-Royce Merlin engine, and this combination re-
sulted in one of the outstanding fighter aircraft of World War II. The 
Merlin was a liquid-cooled engine that employed 12 cylinders arranged 
in a V-configuration and was equipped with a two-speed two-stage 
gear-driven supercharger. The engine developed 1490 horsepower at 
takeoff and was capable of producing 1505 horsepower under war 
emergency conditions at the critical altitude of 19 300 feet. The Merlin 
engine was produced under license in the United States by the Packard 
Motor Car Company. 

The P-51 Mustang was produced in many variants, of which the 
most numerous and best known was the P-51D illustrated in figure 
5.11. Specifications for the aircraft are given in table III. Figure 5.11 
shows the aircraft was equipped with a low wing, which was a highly 

Figure 5.11 - North American P-51D fighter. [Peter C. Boisseau]
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favored wing position for fighter aircraft during World War II. The use 
of the in-line engine of low frontal area resulted in a fuselage of rela-
tively low total wetted area and gave the aircraft a lean, streamlined ap-
pearance. The low frontal area of the in-line engine was one of the 
chief advantages cited for this type of power plant; the disadvantage 
was the vulnerability of the cooling system to enem y fire. The aft loca-
tion of the cooling radiator and its associated inlet and internal flow 
s ystem is of interest. The s ystem was designed with the objective of ob-
taining a net thrust from the cooling air as a result of heat addition 
from the engine coolant. This feature no doubt contributed to the very 
low drag coefficient of the aircraft. The P-51 was also the first aircraft 
to utilize the NACA laminar-flow airfoil sections, discussed earlier. Al-
though it is doubtful that any significant laminar flow was achieved on 
production versions of the Mustang, the low-drag airfoils did provide 
improved characteristics at high subsonic Mach numbers. 

A typical value of maximum gross weight for the P-51D was 
10 100 pounds, although this value varied to some extent depending 
upon the external armament and fuel load. The wing loading corre-
sponding to the 10 100-pound gross weight was 43 pounds per square 
foot, and the power loading was 6.8 pounds per horsepower. A typical 
maximum speed was 437 miles per hour at 25 000 feet, and the stalling 
speed was 100 miles per hour. The zero-lift drag coefficient of 0.0163 
was the lowest of any of the aircraft anal y zed herein, and the corre-
sponding value of the maximum lift-drag ratio was 14.6. The Mustang 
was therefore an extremely clean airplane. The aerodynamic cleanness 
of the aircraft was due, in large measure, to careful attention to de-
tailed design and continued refinement of the aircraft during its pro-
duction lifetime. 

The Mustang was utilized in various types of fighter operations, in-
cluding high-altitude air-to-air combat as well as ground-support and 
interdiction missions. It had a service ceiling of 40 900 feet and could 
climb to 20 000 feet in 7.3 minutes. Armament varied but usually con-
sisted of six .50-caliber machine guns, three in each wing, and it could 
carry two 1000-pound bombs or six 5-inch rockets. Equipped with drop 
tanks, the P-51D had a range of 1650 miles at a speed of 358 miles per 
hour and an altitude of 25 000 feet. In contrast to the short range of 
contemporary British and German fighters, the range capability of the 
Mustang, as well as the P-47 and P-38, allowed it to be used with great 
effectiveness in escorting formations of B-17 and B-24 bombers on 
long-range missions. The P-51 was the only fighter to fly over three 
enemy capitals - Berlin, Rome, and Tokyo. 
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A total of 14490 aircraft of the P-51 series were constructed. The 
aircraft was used in all theaters of operation during World War II, was 
called into use by the U.S. Air Force again during the Korean War, and 
was used by a number of foreign air forces for many years. Many P-51 
aircraft are flying in the United States today as unlimited racing aircraft 
and even for executive transport use. A turboprop version of the Mus-
tang has recently been proposed as a cheap, close-air-support aircraft 
for use by small, undeveloped countries in various parts of the world. 
An interesting history of the P-51 aircraft is given in reference 66. 

Entirel y different in configuration from the conventional single-
engine lighter of World War II, the twin-engine Lockheed P-38 Light-
ning is depicted in early form in figure 5.12. In this unusual but highly 
practical arrangement, the pilot and armament were housed in the 
center pod, and the liquid-cooled engines together with cooling-air in-
takes, radiators, and turbosuperchargers were located in the twin 
booms that also supported the tail. The P-38 was the first fighter de-
signed in the United States to be equipped with a tricycle landing gear: 
the nose gear retracted into the center pod; and the main gear, into the 
booms. It was also the first United States aircraft of any type to employ 
external surfaces composed of butt-joined metal skins with flush rivets. 
Other innovations employed in later versions of the aircraft included 
hydraulically boosted ailerons and provisions for use of partial deflec-

Figure 5.12 - Lockheed YP-38 twin-engine Jighter. Rudy Arnold via ukn]
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tion (8) of the trailing-edge Fowler flaps. Both of these modifications 
were intended to enhance maneuverability in combat. Powered controls 
and, to a lesser extent, maneuvering flaps are used on most modern jet 
fighters. 

The P-38, intended as an interceptor with the mission of destroy-
ing enemy bombers at high altitude, was designed according to specifi-
cations issued in 1937 that called for speeds of 360 to 400 miles per 
hour (sources differ on the exact value) at 20 000 feet and the capabil-
ity of reaching that altitude in 6 minutes. The specification also con-
tained demanding requirements for range, endurance, and landing and 
takeoff field length. A single-engine aircraft could not meet the mission 
requirements with any engine available at that time. Hence, the P-38 
employed two engines. First flight of the prototype XP-38 was in Janu-
ary 1939, and the aircraft was first deployed in Europe by the United 
States Army Air Force (USAAF) in the fall of 1942. 

At a normal gross weight of 17 500 pounds and with a wing span 
of 52 feet, the P-38L, for which data are given in table III, was for its 
day a large fighter. All versions of the aircraft were equipped with Alli-
son V-12 liquid-cooled engines; those on the P-38L developed 1470 
horsepower each. Maximum speed was 414 miles per hour at 25000 
feet; stalling speed was 105 miles per hour. The P-38 could climb to 
20 000 feet in 7 minutes and had a service ceiling of 44 000 feet. With 
internal fuel only, the aircraft had a range of 475 miles at 339 miles per 
hour, or 1175 miles at 195 miles per hour; with drop tanks, the range 
was 2260 miles. 

Indeed, the P-38 was a high-performance aircraft. Even the proto-
type exceeded 400 miles per hour in 1939. Although its high speed was 
one of the great virtues of the P-38, this desirable characteristic was 
responsible for a serious problem encountered in the development of 
the aircraft. Little was known at that time about the problems associ-
ated with penetrating the Mach number regime characterized by large 
effects of compressibility (see discussion of fig. 5.6), and even less was 
known of means for alleviating such problems. A combination of the 
high speed reached in steep dives, together with a less than optimum 
high Mach number airfoil section, caused the P-38 to suffer severe 
compressibility problems. These problems manifested themselves in 
the form of buffeting, loss of control, difficult y in recovering from 
dives, and—in some cases—complete destruction of the aircraft. Many 
different modifications were tried before a successful solution to the 
problem was found. In the spring of 1942, NACA in conjunction with 
Lockheed devised a simple fix that came to be known as the dive-recov-
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ery flap (not to be confused with the dive brake used on the SB2C). A 
short-span flap was located at the 30-percent-chord position behind the 
leading edge of the lower surface of the wing, just outboard of the 
booms. Deflection of these flaps in a high-speed dive increased the lift 
on the wings so that successful dive recovery was possible. Such flaps 
appeared on production aircraft beginning with the P-38J version. 
Among other aircraft employing this very effective device were the P-
47 Thunderbolt and the P-59 and P-80 jet fighters. (See chapter 11.) 

Although never designed as a fighter for air-to-air combat with 
other fighter aircraft, the Lightning was widely used and highly effec-
tive in this role, particularly in the Pacific theater of operations. More 
Japanese aircraft were destroyed by the P-38 than by any other aircraft, 
and the two highest scoring American aces of World War II, Majors 
Richard I. Bong and Thomas B. McGuire, Jr., both flew the Lightning. 
It was used in all theaters in which the USAAF operated. As a fighter, 
several different combinations of armament were employed. Most air-
craft had four .50-caliber machine guns and a 20-mm cannon located 
in the nose ahead of the pilot. Also, it could carry bombs weighing up 
to as much as 3200 pounds or 10 5-inch rockets. In addition to duties 
as a lighter, a photoreconnaissance version of the aircraft, designated 
F-5, saw extensive service. Many other types of military duty such as 
bombing and ground attack were performed by the P-38. 

Nearly 10 000 P-38's, including all models, were produced. Several 
of these are still flying today in the hands of dedicated antique aircraft 
collectors, and they were used for many years after World War II in 
aerial survey work. German pilots in North Africa paid the P-38 a trib-
ute of sorts when they dubbed it "Der gabelschwanz teufel" (the fork-
tailed devil). 

Navy fighter aircraft are intended primarily for operations from the 
short decks of aircraft carriers. Operation from an aircraft carrier poses 
certain constraints during the design of the aircraft. For example, the 
relatively short length of the flight deck (about 700 feet for the larger 
carriers employed during World War II) imposed restrictions on the 
stalling speed of the aircraft and thus required that Navy fighters have 
somewhat lower wing loadings than their counterparts in the USAAF. 
A tail hook must be provided to give rapid deceleration of the aircraft 
on touchdown, and this in turn required special strengthening of the 
rear portion of the fuselage. Furthermore, a carrier-based aircraft must 
be designed for higher landing sink rates than normally encountered in 
land-based aircraft; this higher sink rate requires a heavier landing gear 
and attachment structure. Since storage space both on the flight and 
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hanger decks is at a premium on an aircraft carrier, provision must also 
be made for folding the wings so that the required parking space is re-
duced. A number of aircraft companies specialized in the design and 
production of fighters for use on aircraft carriers. The Grumman Air-
craft Engineering Company was one of the leading producers of Navy 
fighter aircraft during the 1930's (as it still is today), and the Nav y en-
tered World War II with the Grumman F4F Wildcat as its first-line 
fighter. 

Early in 1941, Grumman began the design of a new lighter as a 
replacement for the Wildcat. Much combat experience had been ob-
tained in the European conflict and was utilized in the design of the 
new aircraft. Following entry of the United States in World War II in 
December 1941, the Wildcat saw extensive service in combat against 
the Japanese. Although the Wildcat was a good aircraft, it was not 
really competitive with the Japanese Zero shipboard fighter. The les-
sons learned in action with the Zero were also incorporated in the 
design of the new Grumman fighter. The prototype of this aircraft, 
known as the F6F Hellcat, first flew in June 1942, and deliveries of 
combat aircraft were made to the Nav y in early 1943. The first oper- 
ational use of the Hellcat was in the attack on Marcus Island from the 
carrier L TSS Yorktown in August 1943. It is indeed remarkable that the 
aircraft could be developed from a prototype to combat status in little 
more than a year. 

The Hellcat is illustrated in figure 5.13, and some of its character-
istics are listed in table III. The aircraft was a rather bulky looking low-
wing monoplane equipped with an 18-cylinder Pratt & Whitney twin-
row radial engine of 2000 horsepower. The engine was equipped with 
a geared supercharger and gave 1970 horsepower at 16 900 feet. Al-
though the USAAF deployed highly successful fighters with both air-
cooled radial and liquid-cooled in-line engines, the U.S. Nav y had em-
ployed air-cooled radial engines exclusively since the mid-1920's. Ap-
parently, the Navy felt that the advantages of simplicity and reduced 
vulnerability to gunfire offered by the radial engine more than offset 
the disadvantages of increased frontal area. Although not evident in 
figure 5.13, the landing gear of the F6F retracted rearward and was en-
closed within the wing root stubs. Outboard of the landing gear the 
wing could be rotated and folded aft so as to lie essentially flush along 
the sides of the fuselage to minimize the deck area required for the air-
craft's storage. 

The Grumman F6F was, for its da y , a relatively large aircraft with a 
fully loaded weight of 12441 pounds. The wing loading, however, was 
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Figure 5.13 - Grumman F6F-3 carrier-based fighter. [Peter C. Boisseauj 

only 37.3 pounds per square foot, which gave a relatively modest stall-
ing speed of 84 miles per hour. The aircraft had a maximum speed of 
375 miles per hour at 17 300 feet. In spite of its bulky appearance, the 
Hellcat was a clean aircraft having a zero-lift drag coefficient of only 
0.0211. Range of the Hellcat was 1090 miles on internal fuel only, and 
with drop tanks it was 1590 miles. It had a service ceiling of 38 400 feet 
and an initial rate of climb of 3500 feet per minute. Its armament con-
sisted of six .50-caliber machine guns, three in each wing, and two 
1000-pound bombs or six 5-inch rockets. 

The Grumman F6F Hellcat, of which 12 274 were produced, is 
considered by many to be the outstanding shipboard fighter of World 
War II. It was the standard carrier-based fighter employed by the U.S. 
Nays from mid-1943 until the end of World War II and accounted for 
the destruction of nearly 5000 enemy aircraft in air-to-air combat. The 
British Royal Nav y took delivery of over 1100 Hellcats, which were 
used in operations from their carriers. The Hellcat was unusual, as 
compared with other combat aircraft emplo y ed in World War II, in that 
very few modifications were made to the aircraft during its service life. 
The F6F served for several years in the U.S. Navy following the close 
of the war.
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Afterword 
The propeller-driven combat aircraft powered with reciprocating 

engines pla y ed a decisive role in World War II and reached a high 
level of perfection during that conflict. The revolutionar y jet engine 
shaped the course of development of high-performance military aircraft 
in the post-World War II period. The propeller continued, of course, 
to be emplo yed on various t ypes of utility, transport, and patrol air-
craft; but the development of the jet engine spelled the end for the 
high-performance propeller-driven fighter, bomber, and attack aircraft. 
The postwar development of propeller-driven aircraft has been pri-
marily concerned with commercial and general aviation operations and is 
considered in the next chapter. 
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Chapter 6 
Design Maturity, 1945-80 

Background 

I
n the years since the end of World War II, turbojet- and turbofan-
powered aircraft have come to dominate an increasingly large seg-

ment of aeronautical activity. The propeller-driven aircraft, however, 
remains an important part of aviation, both in this country and in 
various other parts of the world. The new propeller-driven aircraft that 
have appeared since 1945 differ little in configuration from those seen 
in the years immediately before and during World War II, nor has the 
level of aerodynamic refinement exceeded that of the earlier aircraft. 
The turboprop propulsion system is probably the most significant tech-
nical advancement to be incorporated in propeller-driven aircraft. In 
the realm of reciprocating engines, the supercharger has come into 
widespread use, both in commercial transport aircraft and in contem-
porary general aviation aircraft. The supercharger, together with the 
advent of cabin pressurization, has resulted in highly efficient cruising 
flight at high altitudes. High-altitude operation also offers the passen-
gers freedom from the discomfort of rough air to a degree that was not 
possible in unpressurized aircraft. 

A few examples of propeller-driven transports of the post-World 
War II period are described and discussed here, as are a number of 
contemporary general aviation aircraft. 

Transport Aircraft 
Two families of large, long-range, propeller-driven transports 

dominated U.S. airlines, as well as many foreign airlines, until the jet 
transport began to appear in significant numbers toward the end of the 
1950's. These families of aircraft, which served on both long-range do-
mestic and international routes, were the Douglas DC-6 and DC-7 
series and the Lockheed Constellation series. Both were derived from 
aircraft developed during World War II; they had four supercharged 
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engines and pressurized cabins, and both series underwent large in-
creases in size, power, and weight during their development history. 

Representative of the long-range, four-engine transport is the 
Lockheed L. 1049G Super Constellation illustrated in figure 6.1; char-
acteristics of the aircraft are given in table III (appendix A). The proto-
type Constellation, known by its USAAF designation of C-69, first flew 
on January 9, 1943, and the model L. 1049G first flew on December 12, 
1954. The total number of all models of the Constellation constructed 
was 856. 

The Lockheed L.1049G was powered by four Wright turbocom-
pound engines of about 3250 horsepower each. The Wright 3350 tur-
bocompound engine employed a two-speed gear-driven supercharger 
and, in addition, was equipped with three exhaust-driven turbines. The 
three turbines were geared to a single shaft that in turn was hydrauli-
cally coupled to the engine crankshaft. Each turbine was driven bythe 
exhaust of six cylinders. About 15 percent of the total power of the 
engine was obtained from reclamation of exhaust gas energy. The spe-
cific fuel consumption was probably the lowest ever achieved in a recip-
rocating aircraft engine. 

The gross weight of the aircraft was 133 000 pounds, which was 
more than twice that of the Boeing B-17 "heavy" bomber of World 
War II fame. The wing loading was 80.6 pounds per square foot, and 

Figure 6.1 - Lockheed 1049G Super Constellation 91-passenger four-engine airliner, 

1954.[mfr] 
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the corresponding stalling speed was 100 miles per hour. The wings 
employed very powerful Fowler-type extensible slotted flaps to main-
tain the landing speed within acceptable limits. The landing gear was 
of the tricycle type that was standard on most post-World War II trans-
ports. The maximum speed of the aircraft was 352 miles per hour, and 
the normal cruising speed was 331 miles per hour at 23000 feet. The 
pressurized cabin was capable of seating 71 first-class passengers or 91 
coach passengers. Some versions of the aircraft were capable of carry-
ing an acceptable payload nonstop from the east coast of the United 
States to the west coast. The zero-lift drag coefficient of 0.0211 and the 
maximum lift-drag ratio of 16 indicate a highly refined and efficient 
aerodynamic design. 

Today, many Constellations and their Douglas counterparts are in 
operation in nonscheduled activities in different parts of the world. 
The use of these aircraft in long-range scheduled operations, however, 
terminated in this country during the 1960's following the introduction 
of the high-performance jet-powered transport. 

The turbopropeller, or turboprop engine, is basically derived by 
gearing a conventional propeller to the shaft of a gas generator 
composed of a compressor, burner, and turbine. The turboprop engine 
may therefore be thought of as a turbojet engine that transmits power 
to the air by means of a propeller rather than through the jet exhaust. 
The turboprop engine is light and relatively simple as compared with 
the large high-power reciprocating engines. For example, a modern 
turboprop engine may develop between 2 and 3 horsepower per pound 
of weight, as compared with a maximum of about 1 horsepower per 
pound for a reciprocating engine, and has been made in sizes of up to 
15 000 horsepower. The specific fuel consumption of the turboprop 
engine, however, is somewhat higher than that of the best reciprocating 
engines. The turboprop engine has been used in a number of highly 
successful transport aircraft and is still in fairly widespread use, particu-
larly for short-haul, commuter-t ype transports. 

The first civil airliner to be equipped with turboprop engines was 
the Vickers Viscount depicted in figure 6.2. The specifications of the 
Viscount 700 series are given in table III. The aircraft employed four 
Rolls-Ro yce Dart engines of 1600 horsepower each and had a gross 
weight of about 60 000 pounds. Depending upon the configuration, 40 
to 59 passengers could be carried in the pressurized cabin. The cruis-
ing speed of the Viscount was 334 miles per hour at 25 000 feet. The 
aircraft employed double-slotted flaps and was equipped with a tricycle 
landing gear. The Viscount made its first flight in July 1948 and subse-
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Figure 6.2 - Vickers Viscount 810 40-passenger turboprop airliner; 1948. [Peter C. 

Boisseau] 

quently was used by airlines all over the world. A total of 441 Vis-
counts were built and many are still in use. 

Two turboprop aircraft of much larger size were constructed in the 
United Kingdom. These were the Vickers Vanguard, with a gross 
weight of 146 500 pounds, and the Bristol Britannia, with a gross 
weight of 185 000 pounds. Many types of turboprop transport aircraft 
have been designed and built in Russia, as well. The largest passenger- 
carrying turboprop ever built was the Tupolev Tu-1 14. This aircraft 
has a gross weight of 377 000 pounds and is equipped with four 14 795 
equivalent shaft horsepower turboprop engines. Each of these engines 
drives two counterrotating propellers. The wings are sweptback, which 
is unusual for propeller-driven aircraft; the amount of sweep is 340• 
The aircraft carries 220 passengers and cruises at a speed of 478 miles 
per hour at an altitude of 29 500 feet. The lu-i 14 is no longer in air-
line use, but a version known as the Bear is employed by the Soviet 
military forces as a reconnaissance aircraft. The Lockheed Electra is the 
only large turboprop airliner to be developed in the United States. Al-
though the Electra was an efficient high-performance aircraft, it was 
never produced in large numbers because it was introduced at about 
the same time as the Boeing 707 jet airliner and could not compete 
with this aircraft. A few Electras are still in service with the scheduled 
airlines, and a number are employed in nonscheduled activities. The 
naval version of the aircraft, known as the P-3 Orion, is employed by 
the U.S. Navy for antisubmarine patrol work. 
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A number of highly successful turboprop aircraft have been devel-
oped for use as cargo carriers. The largest of these aircraft is the Rus-
sian Antonov AN-22, which weighs over 550 000 pounds and is 
equipped with four 15 000-horsepower engines. The Lockheed C-130 
is perhaps the best known of the turboprop-powered cargo aircraft and 
the one that has been produced in the greatest numbers. The C-130 is 
used by all branches of the United States military forces and by the 
military forces of over 20 foreign governments. A commercial cargo 
version of the aircraft is also available. The first production contract 
for the aircraft was placed in 1952; over 1500 models of the C-130 
have been built, and the aircraft is still in production. 

A Lockheed C-130 is shown in figure 6.3, and specifications are 
given in table III. Many variations of the C-130 have been produced, 
and engines of slightly different power ratings have been employed. 
The specifications in table III are for the C-130E. The aircraft has an 
unswept wing mounted in the high position at the top of the fuselage 
and is equipped with four Allison T-56 turboprop engines of 4910 
equivalent shaft horsepower each at takeoff. In order to minimize 
weight and complexity, the landing gear is retracted into blisters lo-
cated on either side of the fuselage, rather than into the wing or engine 
nacelles. The high wing position is advantageous for a cargo aircraft 
because it allows trucks and other types of equipment to move beneath 

Figure 6.3 - Lockheed C-130 turboprop cargo transport; 1955. [mfr]
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the wing, and the fuselage can be brought close to the ground without 
causing interference with the engines and propellers. A rear loading 
door may be deployed from the bottom of the upswept, aft portion of 
the underside of the fuselage. The proximity of the forward portion of 
the fuselage to the ground results in an aft-loading ramp with only a 
small inclination to the ground so that vehicles can be readily driven or 
pushed into the aircraft. The Lockheed C-130 has a gross weight of 
155 000 pounds and cruises at a speed of 386 miles per hour at 20 000 
feet. The wing loading is 88 pounds per square foot, and the landing 
speed is 115 miles per hour. 

A great variety of twin-engine airliners has been developed both in 
the United States and abroad during the postwar years. These aircraft 
are smaller than the large, long-range, four-engine aircraft and are em-
ployed on short-haul types of operations. Twin-engine airliners have 
been developed with both reciprocating and turboprop engines. The 
twin-engine Martin 404 and Convair 440 aircraft and earlier versions of 
these machines were perhaps the most-used postwar twin-engine trans-
ports powered with reciprocating engines. These aircraft are similar in 
configuration to the Douglas DC-3 but are larger, faster, and are 
equipped with pressurized cabins; in addition, they both employ the tri-
cycle type of landing gear. The Fairchild F-27 (a Dutch Fokker design 
built under license by Fairchild in this country) and the Japanese YS-
1 1A are probably the best known turboprop twins in the United States. 
The British Hawker Siddeley 748 turboprop-powered twin-engine air-
liner is widely used in many countries of the world. 

Although the long-range propeller-driven transport is essentially a 
thing of the past, smaller, short-range aircraft of this type are becoming 
more numerous. Since the advent of airline deregulation in the United 
States in the latter part of the 1970's, there has been a large growth in 
short-haul, commuter-type airline operations. Many aircraft employed 
in this type of service are foreign built, are of high-wing configuration, 
and are equipped with two turboprop engines. Passenger capacity 
varies between 20 and 30, and at least one four-engine aircraft of this 
type carries 50 passengers. Generally speaking, these aircraft have 
straight wings and employ no new configuration concepts. In fact, 
some of them have fixed landing gears and strut-braced wings. Since 
high speed is unimportant and low initial and maintenance costs are 
critical, these retrogressive technical features are justified on a cost-ef-
fectiveness basis. The final forms of the commuter-type transport, how-
ever, are yet to emerge. 
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General Aviation Aircraft 
The term "general aviation" covers all types of flying except mili-

tary and commercial airline operations. Only contemporary aircraft de-
signed for business and pleasure are considered here. General aviation 
aircraft designed for business and pleasure are available in both single-
engine and twin-engine models; most models are equipped with hori-
zontally opposed reciprocating engines. However, several high-per-
formance turboprop types are offered. Single-engine types may be had 
with high- or low-wing location, retractable or fixed landing gear, con-
trollable-pitch or fixed-pitch propeller, and in sizes varying from two 
place to seven place. The twin-engine aircraft usually employ the low-
wing location and have retractable landing gear and controllable-pitch 
propellers. The twins may be had with or without turbosupercharging, 
with or without pressurized cabins, and with varying seating capacities. 
The modern aircraft designed for business or pleasure is almost invari-
ably of all-metal construction, as contrasted with the metal, wood, and 
fabric construction typical of the pre-World War II general aviation air-
craft. Reliability of the internal systems employed in the aircraft and 
the precision of the radio and navigational equipment have greatly im-
proved as compared with pre-World War II standards. The general 
aviation aircraft of today are almost universally equipped with an elec-
trical system to power the radios and other types of equipment in-
stalled in the aircraft and to operate the self-starter. Hand starting of 
production aircraft is a thing of the past. The cabins of these aircraft 
are generally relatively comfortable, are equipped with heaters for win-
tertime and high-altitude use, and are sometimes equipped with air 
conditioning for use on the ground and at low altitudes in the summer. 
The open cockpit is a thing of the past in production aircraft, except 
for special sport and aerobatic aircraft. Many aircraft employ complete 
instrumentation and communication equipment for flight under IFR 
conditions. Most contemporary aircraft employ a tricycle gear that 
greatly eases the problem of aircraft handling on the ground. The basic 
aerodynamic configuration of contemporary general aviation aircraft, 
however, differs little from those in use in 1939. 

Contemporary Types, 1970-80 

General aviation aircraft are manufactured in a number of different 
countries; however, the majority of these aircraft are produced in the 
United States. The major U.S. producers are the Cessna Aircraft Com-
pany, the Piper Aircraft Corporation, and the Beech Aircraft Corpora-
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tion. Each offers a wide variety of aircraft designed for various needs 
and markets. Six aircraft of different levels of performance, size, and 
price produced by these manufacturers for different segments of the 
market are briefly described here. 

Two single-engine aircraft representative of the lower performance 
and price spectrum are shown in figures 6.4 and 6.5. The Piper Chero-
kee 180 shown in figure 6.4 is an all-metal aircraft with an internally 
braced, cantilever wing mounted in the low position. The aircraft 
shown has four seats and is equipped with a 180-horsepower, four-cyl-
inder Lycoming engine of the opposed type. The engine drives a fixed-
pitch propeller. The landing gear on the aircraft is fixed, and although 
not visible in the photograph, the horizontal tail employed on the 
Cherokee is of the all-moving type equipped with a geared tab. The 
Cherokee 180 has a maximum speed of 148 miles per hour at sea level 
and cruises at 141 miles per hour at 7000 feet. The stalling speed with 
the split flaps deflected is 61 miles per hour. The gross weight of the 
aircraft is indicated in table III to be 2450 pounds. The Cherokee 180 
is representative of one of the lower cost members of a complete family 
of Piper aircraft that carry the Cherokee name. Some of these aircraft 
have six or seven seats and more powerful engines that drive controlla-
ble-pitch propellers. Other versions of the Cherokee employ a retracta-
ble landing gear. The flight of the first production aircraft was made in 
February 1961, and well over 25000 Cherokees of all types have now 
been produced. 

Figure 6.4 - Piper Cherokee 180 contemporary general aviation aircraft. [NASA] 
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D 
Figure 6.5 - Cessna Skyhawk contemporary general aviation aircraft. [mfr] 

The Cessna Skyhawk shown in figure 6.5 is one of the lower cost 
members of an entire series of Cessna aircraft of the same basic config-
uration. The Skyhawk, like the Cherokee 180, is equipped with a fixed 
tricycle landing gear and has a four-cylinder, horizontally opposed 
engine driving a fixed-pitch propeller. Unlike the Cherokee 180, how-
ever, the Cessna Skyhawk is a high-wing configuration with a single 
wing strut on either side of the fuselage to brace the wing. The Sky-
hawk has a maximum speed of 144 miles per hour and cruises at 138 
miles per hour at 8000 feet. The stalling speed with the flaps deflected 
is 49 miles per hour. The gross weight of the Cessna Skyhawk is 2300 
pounds, and the wing loading and power loading are 13.1 pounds per 
square foot and 15.3 pounds per horsepower, respectively. These 
values are in the same order as those shown in table III for the Piper 
Cherokee. The zero-lift drag coefficient of the Skyhawk is 0.0319 as 
compared with 0.0358 for the Cherokee, and the maximum lift-drag 
ratios for the two aircraft are 11.6 and 10.0, respectively. 

Two representative high-performance single-engine general avia-
tion aircraft are shown in figures 6.6 and 6.7. The Beech Bonanza V-
35B shown in figure 6.6 is of all-metal construction, has an internally 
braced wing mounted in the low position, has single-slotted flaps, and 
is equipped with a fully retractable tricycle landing gear. The aircraft is 
equipped with a six-cylinder, horizontally opposed Continental engine 
of 285 horsepower that drives a controllable-pitch propeller. The air-
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Figure 6.6 - Beech Bonanza V-35B contemporary general aviation aircraft. mfr] 

craft can be configured for four, five, or six seats. Data for the Bonanza 
are given in table III. The unique Butterfly tail combines the stability 
and control functions of both the conventional vertical and horizontal 
tails. The gross weight of the aircraft is 3400 pounds. The aircraft has 
a maximum speed of 210 miles per hour at sea level, cruises at 203 
miles per hour at 6500 feet, and has a stalling speed of 63 miles 
per hour. The zero-lift drag coefficient is a very low 0.0192, and the 
corresponding maximum lift-drag ratio is 13.8. The prototype of the 
Bonanza first flew in December 1945, and the aircraft has been continu-
ously in production since 1947. Approximately 10 000 Beech Bonanzas 
have been built. 

The Cessna Cardinal RG II shown in figure 6.7 is a high-perform-
ance aircraft with an internally braced wing mounted in the high posi-
tion. The aircraft is equipped with a fully retractable tricycle landing 
gear and is equipped with a four-cylinder, horizontall y opposed, Lv-
coming engine of 200 horsepower that drives a controllable-pitch pro-
peller. The Cardinal is of all-metal construction and is equipped with 
trailing-edge flaps and an all-moving horizontal tail employing a geared 
trim tab. The aircraft has a maximum speed of 180 miles per hour at 
sea level, cruises at 171 miles per hour at 7000 feet, and has a stalling 
speed of 57 miles per hour. The aircraft weighs 2800 pounds. The 

146



DESIGN MATURITY, 1945-80 

Figure 6.7 - Cessna Cardinal RG II contemporary general aviation aircraft. [mfr] 

zero-lift drag coefficient of the Cardinal is 0.0223, and the correspond-
ing maximum lift-drag ratio is 14.2. 

The first twin-engine aircraft designed specifically for business use 
was probably the Beech Model D-18, first produced in 1937. This air-
craft was similar to the Douglas DC-3 in general appearance, although 
much smaller, and was in continuous production from 1937 until the 
early 1970's. A wide variety of twin-engine aircraft of various sizes and 
with different levels of performance are now offered for business use. 
Two contemporary twin-engine aircraft are shown in figures 6.8 and 
6.9.

The Cessna 310 shown in figure 6.8 is representative of one of the 
smaller contemporary twin-engine aircraft offered for business use. The 
aircraft is a low-wing configuration with an engine mounted in each 
wing on either side of the fuselage. The aircraft can be had with both 
normally aspirated engines or with turbosuperchargers. The specifica-
tions and performance given in table III are for the aircraft without tur-
bosupercharging. The engines are six-cylinder, horizontally opposed, 
Continental engines of 285 horsepower each that drive controllable-
pitch, full-feathering propellers. The aircraft normally has a seating ca-
pacity of five but can be configured for six. Maximum speed is 238 
miles per hour at sea level, and cruising speed is 223 miles per hour at 
7500 feet. The wings are equipped with split flaps which with a wing 
loading of 30.7 pounds per square foot result in a stalling speed of 77 
miles per hour. The gross weight of the aircraft is 5500 pounds. The 
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Figure 6.8 - Cessna 310 contemporary twin-engine general aviation aircraft. [mfr] 

Cessna 310 has a zero-lift drag coefficient of 0.0267 and a maximum 
lift-drag ratio of 13. The Cessna 310 was first flown in January 1953 
and has been in continuous production ever since. The aircraft is un-
pressurized and may be thought of as the smallest of a whole line of 
Cessna twins, both pressurized and unpressurized. 

The Beech Super King Air 200 shown in figure 6.9 is an example 
of a new, relatively large, high-performance twin-engine business air-
craft. Provision is provided for 2 pilots and 6 to 13 passengers, de-
pending on the configuration. The cabin is pressurized to permit com-
fortable cruising flight at high altitudes. Power is provided by two Pratt 
& Whitney PT6A-4 1 turboprop engines of 850 shaft horsepower each. 
The engines drive controllable-pitch, full-feathering, reversible propel-
lers. The low-wing configuration of the aircraft is conventional al-
though the use of a T-tail on a straight-wing propeller-driven aircraft is 
somewhat unusual. The use of this tail arrangement is said to reduce 
both vibration resulting from the slipstream of the engines and trim 
changes with flap deflection. The aspect ratio of the wing is 9.8, which 
must be considered as relatively high for any aircraft. The King Air 200 
has a maximum speed of 333 miles per hour at 15 000 feet and a maxi-
mum cruising speed of 320 miles per hour at 25 000 feet. The aircraft 
is equipped with single-slotted flaps that together with a wing loading 
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Figure 6.9 - Beech Super King Air 200 contemporary twin-engine turboprop general 

aviation aircraft.[mfr] 

of 41.3 pounds per square foot give a stalling speed of 92 miles per 
hour. The gross weight of the aircraft is 12 500 pounds. The Beech 
Super King Air 200 was certified in December 1973 and is now in 
series production. 

Other Types of General Aviation Aircraft 

The six aircraft just described may be considered as representative 
of generic classes of aircraft designed for business and pleasure use. In 
order to gain a true appreciation of the wide variety of such aircraft 
offered today, the reader is referred to the current year's issue of Jane's 

A/I The U'orld's Aircraft. Other types of aircraft of interest and not de-
scribed here are specially designed agricultural aircraft intended for 
spraying and dusting crops. These aircraft will also be found in Jane's, 

as will many types of sport and aerobatic aircraft. Another segment of 
general aviation aircraft is made up of the so-called home builts. These 
aircraft, which are built by individuals or clubs at home, are gaining in 
popularity and are flown in relatively large numbers in this country. 
They are usually not certified under any of the pertinent federal air 
regulations but, rather, operate in an experimental category. Many of 
the more popular types of home-built designs are also described in 
Jane's All The World's A?rcraft.
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Chapter 7 
Design Trends 

Introduction 

T
his chapter briefly summarizes the progress in design of propeller-
driven aircraft since the end of World War I by showing how a 

number of important design and performance parameters varied over 
the years 1920 to 1980. The following parameters are discussed: 

(1)Maximum speed, Vm 
(2) Stalling speed, V 
(3) Wing loading, W/S 
(4) Maximum lift coefficient, CL,m 
(5) Power loading, W/P 
(6) Zero-lift drag coefficient, CD,o 

(7) Skin friction parameter, CF 

(8) Maximum lift-drag ratio, (L/D)m 

The values of each of these parameters, obtained from tables I, II, and 
III (appendix A) and reference 90, are plotted against the appropriate 
year in figures 7.2 to 7.9. All of the parameters could not be obtained 
for some of the aircraft; in particular, the zero-lift drag coefficient and 
the maximum lift-drag ratio could not be determined for a number of 
the aircraft because of insufficient performance data from which to 
make the desired calculations. The symbols identifying each aircraft are 
given in figure 7.1 and have been used throughout the subsequent fig-
ures. At the left side of each figure (figs. 7.2 to 7.9), bars have been 
drawn to indicate the spread of each parameter during World War I as 
obtained from the data in table I. The year for which the characteristics 
of a given aircraft are plotted is in some degree arbitrary. For example, 
most of the World War II aircraft characteristics are plotted for the 
year 1942. In other cases, aircraft that were used for a number of years 
are shown at a year corresponding to the first year of production, or 
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O DeHavilland DH-4 • Boeing P-26A I North American P-51D 

0 Handley Page W8F • Lockheed Orion 90 4 Grumman F6F-3 

Fokker F-2 • Northrop Alpha I Lockheed L. 1049G 

< Boeing B-29 I Boeing 247D Vickers Viscount 

Curtiss SB2C-1 I Douglas DC-3 cj Lockheed C-130 

Lockheed P-38L I Boeing B-17G ci Piper Cherokee 

G Ryan NYP S Seversky P-35 a Cessna Skyhawk 

Ford 5-AT • Piper J-3 Cub Beech Bonanza V-35 

O' Lockheed Vega SC • Stinson SR-8B ci Cessna Cardinal RG II 

C Curtiss Robin S Beechcraft D17S v Cessna 310 II 

Travelair 4000 V Consolidated B-24J t Beech Super King Air 200 

' Curtiss Hawk P-6E A Martin B-26F

Figure 7.1 - STmbols used in figures 7.2 to 7.9. 

after the aircraft had achieved a fully developed status. The points for 
the different aircraft show a large spread in the different figures; hence, 
lines representing an upper and lower bound are shown on each 
figure. (The shape of these bound lines may be varied according to the 
manner in which the data are interpreted. The lines shown are only 
suggested fairings of the data points presented.) One of these bounds 
corresponds to aircraft developed with the highest technology available 
at a particular time, and the other is for aircraft of a relativel y low and 
slow-changing level of technology. Neither of these bounds represents 
boundaries of maximum and minimum values but, rather, corresponds 
to higher and lower levels of technology for operational aircraft of a 
particular time period. No data for racing or special performance air-
craft are given in the figures. 

Maximum Speed 
Trends in maximum speed of propeller-driven aircraft are shown 

as a function of time in figure 7.2. The maximum speeds of high-tech-
nology operational aircraft are seen to increase steadily from about 125 
miles per hour in 1920 to nearly 450 miles per hour in the World War 
II years. The highest maximum speed shown is for the P-51D aircraft, 
which had a speed of 437 miles per hour at 25 000 feet. i.ate in the 
war, a Republic P-47J achieved a speed in level flight of 507 miles per 
hour at 34 000 feet. The upper bound through the years closely follows 
the advancement of fighter-type aircraft. The large increases in maxi-
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Figure 7.2 - Trends in maximum speed of propeller-driven aircraft. 

mum speed that occurred between World War I and World War II re-
sulted from increases in engine power and reductions in drag area 
through improved aerodynamic efficiency. For example, the 10 000-
pound P-51 fighter of World War II had a drag area of only 3.8 square 
feet (this corresponds to a circular disc 2.20 feet in diameter) and was 
equipped with an engine of 1490 horsepower; bycomparison, one of 
the highest performance fighters in use at the end of World War I, the 
1807-pound SPAD XIII C.1 (chapter 2), had a drag area of 8.33 square 
feet (a circular disc 3.26 feet in diameter) and was powered with a 200-
horsepower engine. The corresponding values of the ratio of power to 
drag area are 392.11 and 24.01, respectively. Also contributing signifi-
cantly to the large increases in maximum speed were the development 
of the supercharger and controllable-pitch propeller, both of which 
permitted efficient high-power flight in the low-densit y , high-altitude 
environment. No increases in the maximum speed of operational pro-
peller-driven aircraft have been achieved since the end of World War II 
because of the inherent limitations imposed by the effects of compress-
ibility on the efficiency of conventional propellers. 

The lower bound in figure 7.2 shows an increase in maximum 
speed from about 80 miles per hour to about 130 miles per hour. This 
bound indicates a continued desire for low-performance aircraft 
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throughout the years. The general aviation aircraft of today are seen to 
encompass a range of maximum speed from about 130 miles per hour 
to almost 350 miles per hour, which indicates the wide range of techni-
cal sophistication in contemporary propeller-driven aircraft. 

Although not shown in the data presented in figure 7.2, the 
performance of representative, specially built, propeller-driven racing 
aircraft through the years may be of some interest and is indicated 
as follows:

(1) 1913, absolute speed record of 126.64 miles per hour estab-
lished by French Deperdussin landplane 

(2) 1920, absolute speed record of 194.49 miles per hour estab-
lished by French Nieuport 29V landplane 

(3) 1923, absolute speed record of 267.16 miles per hour estab-
lished b y American Curtiss R2C-1 landplane 

(4) 1927, absolute speed record of 297.83 miles per hour estab-
lished by Italian Marcchi M-52 seaplane 

(5) 1931, absolute speed record of 406.94 miles per hour estab-
lished by British Supermarine S-6B seaplane 

(6) 1934, absolute speed record of 440.60 miles per hour estab-
lished by Italian Marcchi-Cas told i MC-72 seaplane (This 
record for propeller-driven seaplanes still stands and is un-
likely to be surpassed in the near future.) 

(7) 1938, absolute speed record of 469.22 miles per hour estab-
lished by German Messerschmitt 209V1 Iandplane 

(8) 1969, absolute speed record of 483.04 miles per hour estab-
lished by highly modified American Grumman F8F land-
plane 

The world speed records cited above are officially recognized by the 
Fédération Aéronautique Internationale and were established under 
sea-level flight conditions. 

Stalling Speed, Wing Loading, and Maximum Lift 
Coefficient 

The stalling speed, wing loading, and maximum lift coefficient are 
shown as a function of years for various aircraft in figures 7.3, 7.4, and 
7.5. The short, unpaved fields that served as airports in the early 
1920's, together with the relativel y poor flying characteristics of aircraft 
of that period, dictated the necessity for low values of the stalling 
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Figure 7.3 - Trends in stalling speed of propeller-driven aircraft. 

speed. Values of the stalling speed of 40 to 50 miles per hour were not 
unusual, although precise data are not shown in figure 7.3 for the year 
1920. High-lift devices were essentially unknown at that time; hence, 
the wing loadings needed to give the low values of the stalling speed 
were correspondingly low, as shown in figure 7.4. Values of the wing 
loading from 5 to 10 pounds per square foot were typical, and the 14-
pound wing loading of the DH-4 was considered high in 1920. For a 
given atmospheric density, the wing loading is, of course, related to the 
square of the stalling speed by the value of the wing maximum lift co-
efficient. Values of the maximum lift coefficient slightly in excess of a 
value of 1 were typical of unflapped aircraft with thin airfoil sections in 
1920, as shown in figure 7.5. The demands for increased high-speed 
performance resulted in increases in wing loading and, hence, increases 
in the stalling speed. By the time of World War II, the stalling speeds 
of high-performance military aircraft were in the range of 80 to 100 
miles per hour; wing loadings were in the range of 40 to 60 pounds 
per square foot. The development and the associated use of powerful 
high-lift devices, such as described in chapter 5, resulted in aircraft 
maximum lift coefficients of the order of 2.0 to 2.5 for high-perform-
ance aircraft in the World War II period. These high-lift devices, and 
consequent high maximum lift coefficient, prevented the stalling speed 
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Figure 7.4 - Trends in wing loading of propeller-driven aircraft. 

from increasing to an even greater extent than that shown in figure 7.3. 
Since World War II, the stalling speed of high-performance aircraft has 
continued to increase and is seen in figure 7.3 to be 115 miles per 
hour for the contemporary Lockheed C-130 cargo transport. The wing 
loading for this aircraft is about 90 pounds per square foot, as shown 
in figure 7.4, and the maximum lift coefficient is about 2.75. The high-
est maximum lift coefficient of any of the aircraft for which data are 
shown in figure 7.5 is about 3.0 and was obtained by the Lockheed 
Model 1049G Constellation. The corresponding wing loading for this 
aircraft is about 80 pounds per square foot. The high maximum lift co-
efficient of the Constellation gave a relativel y slow stalling speed of 
about 100 miles per hour. 

The lower bounds in figures 7.3, 7.4, and 7.5 show modest in-
creases in stalling speed, wing loading, and maximum lift coefficient for 
aircraft of relatively low performance. The data for current general 
aviation aircraft show a wide spread in level of technolog y, insofar as 
maximum lift coefficients are concerned, and a wide range of values of 
stalling speed and wing loading. Values of maximum lift coefficient for 
these aircraft vary from about 1.3 to about 2.2. The higher values of 
maximum lift coefficient achieved by current high-technology general 
aviation aircraft are about the same as those of military aircraft in 
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Figure 7.5 - Trends in maximum lift coefficient of propeller-driven aircraft. 

World War II. The wing loading and stalling speeds of the high-per-
formance general aviation aircraft of today are also seen to be in the 
same order as those of World War II military aircraft. 

Power Loading 
The power loading data shown in figure 7.6 appear to have nearly 

constant values for the upper and lower bounds. Within these bounds, 
the transport and bomber-type aircraft have power loadings that vary 
from about 12 pounds per horsepower in 1928 to 8 to 10 pounds per 
horsepower by the 1950's. Low-performance aircraft have a higher 
upper bound value of the power loading of about 16 pounds per 
horsepower although the venerable Piper Cub J-3 had a power loading 
value of about 19 pounds per horsepower. The lower bound of the 
power loading is formed by fighter aircraft, which tend to have power 
loadings in the range from 5 to 6 pounds per horsepower. These low 
values of power loadings have, through the years, been dictated bv the 
rate of climb and maneuvering performance characteristics required in 
fighter-type aircraft. Present-day general aviation aircraft have power 
loadings that vary from nearly 16 pounds per horsepower for the very 
low-performance type of pleasure or training aircraft to about 8 pounds 
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Figure 7.6 - Trends in power loading of propeller-driven aircraft. 

per horsepower for the high-performance Beech King Air 200 (at low 
altitude). 

Zero-Lift Drag Coefficient and Skin Friction 
Parameter 

The value of the zero-lift drag coefficient CD,O is often used as an 
indicator of the aerodynamic cleanness or refinement of an aircraft. 
Values of CD.0 calculated according to the methods of appendix C are 
shown as a function of years in figure 7.7. The lower bound of CD.O 
drops sharply from a value of about 0.040 in 1920 to a value of about 
0.021 in the early 1930's. A smaller reduction in the lower bound 
values of C0 .0 took place in the years between the early 1930's and the 
years of World War II. The general aviation aircraft of today show a 
spread in the values of CD.O from near the upper bound to near the 
lower bound. The lower bound curve shows the dramatic reduction in 
CD,O that accompanied the basic change in airplane configuration from 
a strut-and-wire-braced biplane with a fixed landing gear to the highly 
streamlined, internally braced monoplane with retractable landing gear. 
As indicated in chapter 4, this transformation had largely taken place 
for high-performance operational aircraft by the early 1930's. Detailed 
aerodynamic refinements such as described in chapter 5 were responsi-
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Figure 7.7 - Trends in zero-lift drag coefficient of propeller-driven aircraft. 

ble for further improvements in aerodynamic efficiency as indicated by 
the lower bound curve. 

The zero-lift drag coefficient, although useful as a measure of com-
parative aerodynamic refinement, has a basic limitation because the co-
efficient is based on wing area, and, for a given wing area, many differ-
ent fuselage and tail sizes may be employed. Thus, differences in zero-
lift drag coefficients may be interpreted as a difference in aerodynamic 
refinement when the difference may result from a significant difference 
in the ratio of wetted area to wing area. 

In order to remove the effect of variations in the ratio of wetted 
area to wing area, a zero-lift drag coefficient based on total wetted area 
rather than wing area was estimated in reference 90 for most of the 
aircraft for which drag data are given in figure 7.7. The reference area 
for this coefficient, termed the skin friction parameter CF, consisted of 
the total surface area of the fuselage, wings, and tail surfaces. The pa-
rameter CF was obtained from multiplication of CD.O by the ratio of 
wing area to total wetted area. Values of CF taken from reference 90 
are shown as a function of years in figure 7.8. The upper and lower 
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bounds of the data show the same trends as do those for the zero-lift 
drag coefficient shown in figure 7.7. The lower bounds of the skin fric-
tion parameter indicate that essentially no progress has been made in 
reducing CF since World War II, and little progress has been made 
since the early 1930's. The data for the current general aviation aircraft 
fall generally between the upper and lower bounds but do not reach as 
low a value as that of the lower bound curve. This suggests that these 
aircraft can be refined to a value at least as low as that achieved during 
World War II. There is little likelihood, however, that values of C F sig-
nificantly lower than the lower bound shown in figure 7.8 can be 
achieved unless some breakthrough is made that permits the achieve-
ment of a significant extent of laminar flow on the aircraft. Other than 
reductions in the value of the skin friction_parameter, future reductions 
in the airplane zero-lift drag coefficient CD,O can perhaps be achieved 
through configuration design aimed at reducing the ratio of wetted 
area to wing area. The pure flying wing represents the ultimate im-
provement b y this means. 

I.. 

.0160 
U-
0

.0120 

C 
0

.0080 

C

.0040 

0 
1

Year 

Figure 7.8 - Trends in skin friction parameter CF of propeller-driven aircraft. [ref. 90] 
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Maximum Lift-Drag Ratio 
The maximum lift-drag ratio of the various aircraft was calculated 

according to the methods described in appendix C and is shown as a 
function of years in figure 7.9. The value of the maximum lift-drag 
ratio (L/D) m is a measure of the aerodynamic cruising efficienc y of 
the aircraft. The upper bound of (L/D) m , varies from values of about 
9 in 1920 to a value of 16.8 for the World War II Boeing B-29 and 
16.0 for the Lockheed 1049G in 1952. The (L/D) max upper-bound 
curve shows a sharp rise between 1920 and the early 1930's, which cor-
responds to the reduction in zero-lift drag coefficient shown in figure 
7.7 and to the emergence of the monoplane with its higher aspect ratio 
as compared with the biplane. Little change in maximum L/D has taken 
place since the end of World War II. Any further increases in maxi-
mum lift-drag ratio will require reductions in the value of the zero-lift 
drag coefficient and/or increases in wing aspect ratio that may be pos-
sible through the use of improved structural materials. 
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Figure 7.9 - Trends in maximum lift-drag ratio of propeller-driven aircraft.
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Chapter 8 
Boats in the Sky 

Background 

S
eaplanes are aircraft designed to take off and land on the surface of 
the water. Aircraft of this type fall into two distinctly different 

categories. One category consists of conventional land planes that are 
mounted on floats, sometimes called pontoons, in place of a conven-
tional landing gear with wheels. The other category consists of a 
basically different type of aircraft in which the lower part of the fuse-
lage is shaped somewhat like a boat and which, at rest and low speed, 
floats on the surface just as a boat does - hence the term "flying 
boat." 

From its inception and early demonstration by Glenn H. Curtiss in 
1912 until a few years after the end of World War II, the flying boat 
was a key element of commercial and military aviation throughout the 
world. Large-scale commercial operations ceased 2 or 3 years after the 
war, but military use of the flying boat continued in the United States 
until the last squadron of these picturesque aircraft was decommis-
sioned in 1967. No large flying boats have been built in the United 
States since 1960; however, both Japan and the Soviet Union produce 
such aircraft in limited numbers for military purposes, and a flying boat 
is still built in Canada for use as a water bomber in fighting forest fires. 

The popularity and apparent demise of the flying boat as an im-
portant element of aviation can be traced to a combination of oper-
ational, performance, and economic characteristics. In the years prior 
to World War II, airports capable of handling large, long-range aircraft 
were few in number and nonexistent in most parts of the world, par-
ticularly in undeveloped nations. Most areas of the world that are of 
interest for trade and commerce, however, are located near bodies of 
water such as lakes, rivers, harbors, inlets, and other types of marine 
facilities. These natural resources, which require little if any develop-
ment, provided an abundant and almost unlimited number of world-
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wide facilities for the operation of large, long-range flying boats. Both 
military and commercial air operations made extensive use of these 
natural resources. Airlines operated both passenger and freight service 
with living boats, and the military used these aircraft for reconnais-
sance, antisubmarine patrol, search and rescue, and other activities. In 
the absence of any permanent ground facilities, naval flying boats could 
operate for weeks in the most forbidding geographical areas while sup-
ported by 

a small ship called a seaplane tender. In addition, the flying 
boat seemed to offer on long over-water flights the prospect of a safe 
landing in the event of an engine failure, a very real possibility with the 
relativel y unreliable engines available in the early days of aviation. The 
chances of a living boat surviving a landing in rough seas on the open 
ocean were, of course, problematical; this advantage was perhaps more 
psychological than real. Yet, a number of cases have been recorded in 
which passengers and crew survived a landing in the open ocean after 
engine failure. 

For all these reasons, the flying boat seemed for many years to 
have an important and permanent place in the aeronautical world. The 
flying boat, however, possessed certain disadvantages inherent in its 
dual capacity for operation on the water as well as in the air. The aero-
dynamic drag of the hull-fuselage was basically higher than that of the 
conventional fuselage of a landplane. Hence, the cruising speed tended 
to be lower than that of a comparable landplane, as was the aerody-
namic cruising efficiency expressed by the maximum lift-drag ratio. 
The economic potential of the flying boat was accordingly limited in 
comparison with the landplane. Further, the ever-present danger of 
collision with submerged objects in the water and subsequent hull rup-
ture and possible sinking, as well as difficulties in passenger handling 
to and from a moored flying boat, posed ever-present operational 
problems. 

During World War II, many parts of the world saw the develop-
ment of a large number of airports equipped with long, hard-surface 
runways. Large, fast, highly efficient landplanes suitable for carrying 
passengers and equipped with four reliable engines also emerged from 
the war. These two factors spelled the end of the flying boat as a viable 
means for the economical transportation of passengers and freight over 
long distances. Pan American Airlines, a pioneer in the use of flying 
boats on long over-water routes, terminated operation of this type of 
aircraft in April 1946, less than a year after the end of the war. Today, 
a few small flying boats built prior to World War II are still used in 
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inter-island commuter-type operations. One small, four-place sport 
flying boat is still in limited production in the United States at the 
present time. For man y years after the war, the U.S. Navy and Coast 
Guard continued to use flying boats for reconnaissance, antisubmarine 
patrol, and search-and-rescue missions. Long-duration turboprop land-
planes and helicopters, however, gradually took over these duties and 
finally completely replaced the flying boat. 

The technical evolution of the flying boat from 1914 to 1960 is 
briefly described below. Photographs of 21 representative flying boats 
are used to illustrate the development of this type of aircraft, and their 
physical and performance characteristics are presented in table IV (ap-
pendix A). The references used in compiling these characteristics are 
contained in the reference list at the end of this book, and the specific 
references employed for each aircraft are cited in the table. Some addi-
tional references dealing with flying boats not specifically cited in the 
tables are included in the reference list. Reference 80, for example, 
presents an interesting historical survey of the flying boat in the United 
States. As mentioned, primary emphasis in this book has been placed 
on aircraft originating in the United States. This has been done to limit 
the scope of material and is in no way intended as an adverse reflection 
on the many excellent flying boats developed in other countries. 

Design Considerations 
A flying boat must satisfy many of the same requirements for per-

formance, efficiency, strength, and reliabilit y as a landplane but, in ad-
dition, must possess some qualities of a boat in water and some quali-
ties unique to the flying boat itself. It must be seaworthy, maneuver-
able, and stable on the water and have low water and air drag. The hull 
must be designed and the aircraft configured in such a way that the 
amount of spray passing through the propellers, striking the tail, and 
passing over the windshield is minimized. The hull must be designed 
with sufficient structural strength to withstand the various loads im-
posed by rough water in landing, taking off, and taxiing. 

Some of the design features characteristic of a flying boat are illus-
trated by the Martin Mariner and Grumman Goose shown in figures 
8.1 and 8.2, respectively. Both of these aircraft, which may be consid-
ered as relatively modern flying-boat designs, feature a high wing 
mounted atop a deep, voluminous hull, a high tail position, and wing-
tip stabilizing floats. In both aircraft, the engines are mounted in the 
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Figure 8. 1 - Design features of a World War II flying boat. [NASA] 
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Figure 8.2 - Design features of a flying boat. [NASA] 
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wings to minimize spray problems and reduce aerodynamic drag. The 
Mariner has a gull wing configuration with the engines mounted in the 
wing break to place them in a high position. The problem of spray in-
gestion by the engines and propellers is a basic design consideration in 
the configuration layout of a flying boat. 

The tip, or stabilizing, floats are evident in both figures 8.1 and 
8.2. These floats are necessary because the narrow beam hull coupled 
with a high center of gravity make the flying boat laterally unstable on 
the water. (In terms of naval architecture, it has a negative metacentric 
height.) The aircraft is usually designed so that it heels about 1° when 
one float touches the water. When laterally level as in takeoff from rel-
atively smooth water, neither float touches the water. The floats are de-
signed and mounted in such a way as to give a large dynamic lateral 
restoring moment when one float touches the water on takeoff or land-
ing. Tip floats have historically been the most used form of lateral sta-
bilization; however, a device called a sponson has sometimes been em-
ployed. This type of stabilizer is used on three of the aircraft described 
in this chapter. 

The voluminous hull is usually designed with from 70- to 100-per-
cent reserve buoyancy (ref. 46). When floating as a displacement boat, 
a 100-percent reserve buoyancy means that the hull will support twice 
the design weight of the aircraft without sinking. The reserve buoyancy 
is provided as a safety factor, particularly for operation in rough seas. 
The cross-sectional shape of the forward portion of the hull is usually 
in the form of a vee or modified vee. The outside angle of the vee is 
called the angle of deadrise. The larger this angle, the lower will be the 
impact loads imposed by operation in heavy seas. The friction drag on 
the forward part of the hull, however, increases with deadrise angle, as 
does the spray problem. The modified vee bottom of the Grumman 
Goose is clearly visible in figure 8.2. The intersections of the sides of 
the forward part of the hull with the vee bottom are called the chines 
and form a sharp angle. The design of the chines is important in deter-
mining the spray characteristics of the hull. To assist in controlling the 
spray, special spray strips are sometimes attached to the chines as 
shown by the experimental installation in figure 8.2. 

The flying boat in figure 8.1 clearl y shows the characteristic 
manner in which the hull bottom is separated by a transverse step into 
a forebody and afterbody. At low speeds the hull operates as a dis-
placement boat with both the forebody and afterbody sharing the sup-
port of the aircraft in the water. Beyond a certain speed, called the 
hump speed (more about this later), the hull planes on the forebody 
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with the afterbody contributing little or nothing to the support of the 
aircraft. The step, acting somewhat like a spoiler on an airplane wing, 
causes the flow to break away from the afterbody and allows the boat 
to transition into the planing regime. The step is essential to the suc-
cessful operation of the flying boat since lift-off from the water is nor-
mally not possible without it. This design feature was first introduced 
by aviation pioneer Glenn H. Curtiss. Two transverse steps have some-
times been emplo yed in the design of flying-boat hulls, particularly on 
older boats. The more usual practice in later boats, however, is to 
taper (in planform) the afterbody to a point which effectively termi-
nates the hull. The tail assembl y is then carried on a fuselage extension 
above the hull. Some exceptions to this are pointed out later. The 
overall length-beam ratio of the hull as well as the value of this ratio 
for the forebodv and afterbody individuall y are important design varia-
bles, as are the height and location of the step. 

The design of the hull is important in determining the characteris-
tics of the flying boat in all phases of its operation on the water. The 
importance of the hydrodynamic characteristics of the hull can be illus-
trated by considering the influence of hull water drag and aircraft 
weight on the takeoff distance and on the conditions under which the 
boat will not lift off at all. As is the case with a landplane, the seaplane 
must accelerate to a speed sufficientl y high, determined by the wing 
loading and maximum lift coefficient, for the wings to support the 
weight of the aircraft in flight. The aerodynamic drag of the aircraft to-
gether with the rolling friction on the wheels on the runway constitute 
the resistance to acceleration of the landplane in its takeoff run. In ad-
dition to the aerod ynamic drag, the flying boat must overcome the 
water drag associated with the hull. The manner in which this drag 
varies with speed makes the takeoff problem of a flying boat uniquely 
different from that of a landplane. 

The variation of water drag with speed, along with the accompany-




ing variation of engine thrust, is shown b y the conceptual curves in 

figure 8.3 for a hypothetical flying boat. The water drag of the boat is

separated into two distinct speed regimes. Below the hump speed, the

speed for maximum drag, the aircraft is operating as a displacement 

boat with both the afterbodv and the forebody assisting in providing 

the necessary buoyancy . Under these circumstances, the drag results 

primarily from the generation of water waves. At the hump speed, the 

boat may be thought of as climbing over its bow wave and beginning 

operation as a planing hull. In this latter regime, the weight of the boat 


ily by the dynamic reaction of the water against the is supported primar  
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Figure 8.3 - Characteristic variation of water drag with speed for a hypothetical flying-




boat hull. 

forebody, and displacement buoyancy is relatively unimportant. The 
water drag in this speed range results primarily from skin friction be-
tween the water and the forebody. In addition to the support provided 
by the planing forebody, an increasing proportion of the aircraft weight 
is supported by the wings until, finally, the water drag becomes zero as 
the aircraft lifts off. 

Also shown in figure 8.3 is the hypothetical variation of engine

thrust with speed. At speeds well below and above the hump speed, a 

large margin exists between the drag and the thrust. The thrust margin

at the hump speed, however, is a minimum, as is the acceleration. If 

the thrust is less than the drag at the hump speed, takeoff will not be 

possible. In actual performance calculations, the air drag must be

added to the water drag to obtain the total drag as a function of speed. 


The magnitude of the hump drag together with its corresponding 

speed are obviously critically important in determining takeoff perform-




ance. For a hull of given geometry, these quantities are approximately 

related to the length of the hull by the principles of Froude scaling

(refs. 46 and 116). According to these principles, the speed V and the 
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length L of two geometrically similar hulls at and below the hump 
speed are related as follows:

v I _ V2 

or

V1 

_rLL V2  

where the subscripts refer to the two different hull lengths. For a given 
value of the parameter V/\/ii the wave drags of the two hulls D1 and D2 
are also related to the length as follows: 

D 1 _ ^L,3_W1 

D2 L2 W2 

where W is the displacement of the hull in pounds and equals the 
weight of the aircraft when operating as a displacement boat. Thus, the 
values of speed and drag at and below the hump speed of one hull can 
be approximately translated to those of a similar hull of different 
length. The Froude relationships are of fundamental use in sizing the 
flying-boat hull and interpreting the results of hydrodynamic tests of 
model hulls. Clearly, the longer the hull, the higher will be both the 
hump speed and the corresponding wave drag. 

In addition to the high drag associated with passage through the 
hump speed, a longitudinal pitching instability can occur. This instabil-
ity is characterized by a pitch oscillation in which the boat rocks back 
and forth between the forebody and afterbody. A too-high or too-low 
pitch attitude can induce the onset of this instability. The range of 
stable pitch attitudes varies with speed and is a minimum in the vicinity 
of the hump speed. Thus, careful control of pitch attitude is required 
when traversing this critical speed range. The attitude at which the 
flying boat trims is influenced by both the aerodynamic and hydrody-
namic design of the aircraft, the center-of-gravity position, and the 
pilot's manipulation of the elevator control. 

The hydrodynamic characteristics of a flying boat, such as the vari-
ation of drag with speed just discussed, depend in a complex way on 
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the detailed configuration of the hull and have been the subject of 
much study and research. An extensive literature exists on the subject, 
as can be seen from an examination of technical indexes such as refer-
ence 74. 

The large body of experimental information available on the hy-
drody namic design of flying-boat hulls has been accumulated with the 
use of a specialized type of experimental facility called a towing basin, 
or towing tank. Such a facility can be likened to a very long, narrow, 
indoor swimming pool. The test model is towed in the basin by means 
of a powered carriage, mounted on wheels, which is located above and 
across the channel of water. The model is connected to the carriage by 
struts that contain instrumentation for measuring the pressures, forces, 
and moments of interest, as well as attitude and position of the model. 

Since the latter part of the 19th century, towing basins have been 
used in the design of surface ships. Although early hydrodynamic stud-
ies of flying boats were made with the use of such ship facilities, they 
were unsuited for that purpose because of the large differences in 
speed and size between surface ships and flying boats. In 1931, NACA 
put into operation at its Langley laboratory a towing basin especially 
designed for the study of the hydrodynamic characteristics of seaplane 
hulls (ref. 116). This unique facility was 2020 feet long, 24 feet wide, 
and 12 feet deep, and when filled contained 4 000 000 gallons of water. 
The test carriage was capable of attaining a speed of 60 miles per hour. 
(To keep pace with increases in seaplane performance, the capabilities 
of the basin were expanded in 1936; the length was increased to 2920 
feet, and the carriage speed was increased to 80 miles per hour.) An-
other feature of the Langley basin was the provision of apparatus for 
producing artificial waves for use in the study of the rough-water char-
acteristics of flying-boat hulls. The Langley towing basin was employed 
both for basic studies related to hull design and for tests of specific 
flying-boat designs. During its active life, no large flying boat was built 
in the United States without supporting tests in the Langley facility. 
The basin was operated by NACA/NASA from 1931 until the end of 
the era of large living-boat development in about 1960. 

So far, little has been said about the aerod ynamic drag of the 
living-boat hull. Yet, this characteristic is critically important in deter-
mining the speed and range of the aircraft. Obviously, the drag of the 
large, bulky hulls equipped with steps and sharp chines tended to be 
higher than that of the fuselage of a well-streamlined landplane of 
comparable capabilit y . In recognition of the need to reduce hull aero-
dynamic drag, both hydrodynamic and aerodynamic studies were made 
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at Langley of hulls that were s ystematically varied in shape. From such 
studies, the hull for a given application that representd the best com-
promise between aerodynamic and h ydrodynamic performance could 
be identified, or at least the direction to take in hull development was 
indicated. Much progress was made in the reduction of hull aerody-
namic drag, while at the same time, acceptable hydrodynamic charac-
teristics were maintained. The high length-beam ratio hulls developed 
late in the era of the flying boat (ref. 124) represented a large step in 
narrowing the gap between seaplane and landplane performance. 

This has been a necessaril y brief discussion of some of the ele-
ments of fl y ing boat design. More complete discussions are contained 
in references 46, 55, 97, and 123, and a discussion of the special prob-
lems encountered in piloting a fl y ing boat is contained in reference 81. 
In the next sections, attention is focused on the evolution of the flying 
boat in the United States. 

Early Military Flying Boats, 1914-20 
The years of World War I provided the stimulus and proving 

ground for the development of the flying boat into a useful and versa-
tile class of aircraft. It was employed primaril y for reconnaissance, 
patrol, and bombing operations. Each of the warring nations developed 
and operated military flying boats. Three pace-setting Curtiss patrol 
boats designed in the United States, or derived from Curtiss designs, 
are discussed in the next section, after which the first aircraft to cross 
the Atlantic Ocean is described. 

Three Curtiss Patrol Boats 

The world's first fl ying boat was designed, built, and flown b y the 
American aviation pioneer Glenn H. Curtiss in 1912. The small single-
engine biplane that was the centerpiece of this historic event was the 
progenitor of an entire famil y of single and multiengine fl ying boats 
that served with United States and British forces during World War I 
and made the name Curtiss almost s ynonymous with flying boat during 
that world conflict. T ypical of the Curtiss flying boats developed during 
this period were the twin-engine H-16 and the HS-2L, a scaled-down 
single-engine version of the H-16. The two aircraft are shown in fig-
ures 8.4 and 8.5. After the American-developed Libert y engine (ref. 45) 
became available, both boats were equipped with this 400-horsepower 
power plant. A multibav, strut-and-wire-braced biplane configuration 
with the engine(s) mounted between the wings was employed for both 
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aircraft. Whereas landplanes employing the biplane configuration usu-
ally had the lower wing attached near the bottom of the fuselage, the 
1-1-16 and the HS-2L had the entire wing assembly mounted atop the 
hull. The horizontal tail was mounted high on the vertical fin located at 
the rear of the fuselage extension above the hull. A single step to-
gether with a shallow vee bottom and wide beam characterized the hull 
itself. The lateral stabilizing floats can be clearly seen beneath the tips 
of the lower wing in figures 8.4 and 8.5. The finlike surfaces on top 
of the upper wing near the tips assisted in providing the necessary 
structural support for the large overhang of the wingtips. Barely visi-
ble in the photograph are the bracing wires that extended both inboard 
and outboard from the top of this surface to the wing. Wires also ex-
tended downward and inboard from near the upper wingtips to the 
juncture of the lower wing and the outboard interplane struts. A some-
what similar type of bracing arrangement was employed on the Hand-
ley Page 0/400 bomber shown in figure 2.22 and the Curtiss JN-4H 
Jenny shown in figure 3.1. The fabric covering was intended to reduce 
the drag of the struts projecting above the wing. 

oil 

Figure 8.4 - Curtiss H-16 twin-engine flying boat; World War I era. [USN via

Martin Copp]
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Figure 8.5 - Curtiss HS-2L single-engine flying boat; World War I era. [mfr via

Martin Copp] 

The wings and tail surfaces of the H-16 and HS-2L were of con-
ventional (for that time period) wood-frame construction covered with 
fabric. The hull construction consisted of a laminated wood-veneer cov-
ering attached to a wood frame. An undesirable characteristic of 
wooden-hull flying boats was a tendency to absorb a certain amount of 
water over a period of time. To some degree then, the aircraft empty 
weight was a variable and known only within approximate limits. Ac-
cordingly, conservatism had to be exercised in estimating allowable fuel 
and payload weights to avoid a risk of operating in an overweight con-
dition. 

The statement is frequently made that no United States-designed 
aircraft served in France in World War I (see chapter 2); this certainly 
applies to fighters, bombers, and army cooperation aircraft used in op-
erations over the Western front. American naval forces, however, oper-
ated both the H-16 and the HS-21, over the coastal waters of France, 
with the first operational flight of the HS-2L occurring on June 13, 
1918. After the cessation of hostilities, both of these long-lived aircraft 
continued in operation with the United States Navy until the late 
1920's. Some of them, declared surplus by the Navy, were sold to civil 
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operators who employed them in short-lived airline operations. Some 
were also used as rum-runners during the prohibition era in the 1920's. 

The British Royal Navy operated several types of Curtiss flying 
boats long before the United States entered the war but were not en-
tirely satisfied with their hydrodynamic performance. New aircraft uti-
lizing Curtiss-designed wings and tail surfaces, but incorporating an 
improved two-step hull that was more suited to the rough waters of the 
North Sea and gave a reduced takeoff distance, were accordingly devel-
oped. The work was carried out at the Felixstowe Naval Air Station, 
and the resulting flying boats were designated F-i to F-5 depending 
on the Curtiss boat from which they were derived. These aircraft were 
highly successful, so much so that the United States Navy had over 200 
of the F-5 version, derived from the H-16, built under contract in this 
country where they were given the designation F-5L. Those built here 
were equipped with the Liberty engine, which accounts for the "L" in 
the designation. Many of these aircraft were constructed by the Curtiss 
company and, since they had Curtiss-designed wings and tail, were usu-
all y referred to as Curtiss F-5L flying boats although that designation 
is not entirely accurate. The F-5L arrived on the scene too late to see 
action with United States forces during World War I, but in the post-
war years it was a mainstay with Navy patrol squadrons until finally 
withdrawn from service in 1928. 

The inflight photograph of an F-5L flying boat (fig. 8.6) clearly 
shows the configuration of this classic, triple-bay biplane aircraft. The 
two pilots sitting side by side, as well as the two men in the front gun-
ners' cockpit, are clearly visible. The cockpit for the rear gunner, located 
behind the wings, is partially obscured in the photograph. A crew of 
three or four normally manned the aircraft. Armament consisted of 
several flexibly mounted machine guns together with a bomb load of up 
to four 230-pound bombs. 

The wings of the F-5L are obviously similar to those of the 1-1-16 
shown in figure 8.4. In early versions of the F-5L the tail assembly was 
also the same as that of the H-16; but as shown in figure 8.6, an en-
larged tail equipped with horn-balanced elevators and rudder was fitted 
to the F-5L. The modified tail was incorporated in all F-5L boats in 
the early 1920's. Noteworthy in figure 8.6 are the exposed cylinders 
and crankcases of the engines and the large automobile-type radiators 
positioned above the propellers. The flared sides of the broad-beamed 
hull are called sponsons (not to be confused with the winglike lateral 
stabilizing surfaces also called sponsons, which are discussed later).
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Figure 8.6 - Curtiss F-5L (win-engine flying boat; World War I era. [USN via

Martin Copp] 

The physical and performance characteristics of the H-16. HS-2L, 
and the F-5L flying boats are given in table IV. That they were rela-
tively large, heavy, and low-performance aircraft is indicated by the 
data presented. To put these characteristics in the proper context with 
respect to multiengine landplanes of that same time period, the follow-
ing comparative data are given for the Curtiss F-5L flying boat and the 
Handley Page 0/400 twin-engine bomber (for which data are given in 
table I):

Aircraft	 b	 S	 'max	 ("DO	 (LIE)) 

Handley Page 0/400	 14425 1 100.0	 1655	 94 0.0427 1	 9.7 
Curtiss F-51,	 13600	 103.8	 1397 i	 90	 0.0694	 8.2 

The data show the two aircraft are roughly the same size and weight, 
but the landplane is about 5 percent faster than the flying boat. In 
comparing the aerodynamic characteristics of the two aircraft, the zero-
lift drag coefficient is about 60 percent higher and the maximum lift-
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drag ratio is about 18 percent lower for the Curtiss F-5L flying boat 
than for the Handley Page 0/400 landplane. The large, low length-
beam ratio, two-step hull of the flying boat no doubt contributed to its 
degraded aerodynamic performance, a price exacted for the operational 
versatilit y of the flying boat. 

The configuration arrangement of the three Curtiss aircraft just 
described set a st yle in patrol-boat design that continued in the United 
States for man y years. 

The NC Boats, First Across the At/antic 

The NC boats are discussed here not so much for their advanced 
design features but rather because one of their number, the NC-4, was 
the first aircraft to fly across the Atlantic Ocean and thus secured for 
the t ype a permanent place in the annals of aviation history. The ori-
gins of the NC fly ing boat can be traced to a request issued by the Brit-
ish in 1917 for a long-range patrol aircraft for antisubmarine oper-
ations over the open ocean. In addition, it was desired that the aircraft 
be capable of flying from the United States to the British Isles, thus 
shortening delivery time and saving much-needed cargo space on avail-
able surface shipping. An aircraft designed to meet these specifications 
emerged from a collaboration between engineers of the United States 
Navy and the Curtiss company - hence the NC designation. The first 
of these flying boats, NC-1, was flown in the late fall of 1918, and the 
other three, NC-2, NC-3, and NC-4, were completed in the spring of 
1919. These aircraft were built b y the Curtiss company under the su-
pervision of Glenn H. Curtiss himself; subsequently, six more NC boats 
were constructed by the Naval Aircraft Factory located in Philadelphia, 
Pennsylvania. Since World War I ended in November 1918, none of 
the NC boats were completed and tested in time to fill the wartime role 
for which they had been designed. 

The United States Navy, however, organized a mission to fly across 
the Atlantic Ocean, a feat not yet accomplished, with the use of NC-1, 
NC-3, and NC-4. Bound for Plymouth, England, the three aircraft left 
Trepassy Ba y, Newfoundland, on May 16, 1919, with intended refuel-
ing stops in the Azores and Portugal. The mission was under the over-
all command of Commander John H. Towers, who also served as com-
mander of NC-3. The three aircraft soon became separated after leav-
ing Newfoundland; and because of uncertainties as to their position 
and deteriorating weather conditions, NC-I and NC-3 landed in the 
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ocean, short of the Azores, with the hope of locating their position with 
radio equipment and subsequently continuing the flight. Although the 
crew was rescued, NC-I capsized and sank because of heavy seas; NC-
3, unable to take off again, taxied 200 miles to the Azores but was too 
badly damaged to continue the flight. Arriving at Plymouth, England, 
on May 31, 1919, NC-4 successfully completed the mission and thus 
became the first aircraft to fly across the Atlantic Ocean. The six-man 
crew for the flight was commanded by Lt. Albert C. Reed, who also 
served as navigator, and included two pilots, a radio operator, and two 
flight engineers. The chief pilot for the flight was Lt. (jg.) Walter 
Hinton. An interesting account of this historic flight is contained in ref-
erence 80. 

The Navy-Curtiss NC-4 flying boat is shown in figure 8.7. The 
configuration of the aircraft featured a typical Curtiss three-bay, strut-
and-wire-braced biplane wing arrangement mounted on top of a short, 
wide-beam, single-step hull designed by Navy engineers. The tail as-
sembly was supported by wire-braced outriggers extending back from 
the top wing and the stern of the hull. This arrangement was chosen to 
minimize hull weight, as compared with designs like the F-5L, to place 
the tail high above the waves in rough seas, and to provide the rear 
gunner with a wide field of fire. The horizontal tail consisted of a bi-
plane arrangement with three rudders mounted between the horizontal 
stabilizing surfaces. Fins were fixed ahead of the outboard rudders. 
Power was supplied by four of the ubiquitous, American-designed, 400-
horsepower Liberty engines, located in three nacelles. One engine was 
carried in each of the outboard nacelles, and two engines in a tractor-

_z	 •	 — 

Figure 8.7 — Four-engine Navy-Curtiss .VC-4 was first across the At/antic Ocean; 

1919. [ukn via Martin Copp] 
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pusher arrangement were mounted in the center one. The NC-I was 
initially flown with only the three tractor engines but was found to be 
so underpowered that the fourth pusher engine was installed. 

As described in connection with the H-16, the wings and tail sur-
faces of the NC boats were of wood-frame construction covered with 
fabric. The wooden frame of the short, broad-beam hull was covered 
on the sides and bottom with two layers of planking that were glued 
together with a sheet of canvas in between and had a three-ply wood-
veneer turtle deck. The outriggers supporting the tail were of wooden 
box beam construction. 

A glance at the physical characteristics of the NC-4 given in table 
IV shows that it was indeed a large aircraft. At a gross weight of 27 386 
pounds, it was about twice as heavy as the F-5L and had a wing span of 
126 feet as compared with 103.8 feet for the F-5L. The wing area of 
2380 square feet was 70 percent greater than that of the F-5L and was 
only about 18 percent less than that of the modern Boeing 707 jet 
transport (chapter 13). The performance data show a maximum speed 
of only 85 miles per hour and estimated values of the cruising and 
stalling speeds of 77 and 67 miles per hour, respectively. Accordingly, 
the aircraft had to be carefully flown and maneuvered within the 
narrow speed range available to it. At 0.0899, the zero-lift drag coeffi-
cient of the NC-4 was the highest of any of the aircraft for which data 
are given in table IV, and the value of 7.0 was the lowest of any of the 
maximum lift-drag ratios shown. The maximum range of the aircraft is 
given in reference 109 as 1470 miles; with such a low value of maxi-
mum lift-drag ratio, this range could only be possible with a large air-
craft having a relatively low empty weight as compared with gross 
weight. In spite of its shortcomings in aerodynamic efficiency, the NC-4 
fulfilled these weight requirements and was able to make the Atlantic 
crossing for which it was designed. 

Shortly after completion of its historic flight in 1919, the NC-4 was 
presented to the Smithsonian Institution, which completely restored 
the aircraft for the 50th anniversary of the famous flight in 1969. 
Today, the NC-4 may be seen at the United States Naval Air Museum 
located at the Naval Station in Pensacola, Florida. 

Biplane Flying-Boat Developments, 1920-30 
The slow pace of aeronautical development during the first half of 

the 1920's was briefl y mentioned in chapter 3. If anything, technical 
advancements in flying-boat design during this period lagged behind 
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those of contemporary landplanes and did not experience the rapid ac-
celeration that characterized landplane developments in the latter half 
of the decade. The biplane configuration dominated flying-boat design, 
and most efforts were aimed toward military applications. In the follow-
ing section, developments in Navy patrol boats are discussed, after 
which two significant amphibian aircraft developed in the 1920's are 
described. 

The Refined Patrol Boat 

According to reference 118, the United States Navy had an inven-
tory of 1172 flying boats at the termination of hostilities in November 
1918. By the middle of 1925, this number had shrunk to 117 aircraft 
consisting of outdated wartime H-16, HS-2L, and F-5L boats. Fortu-
nately, the stagnation in military flying-boat development was relieved, 
to some extent, by the Naval Aircraft Factory, which continued design 
refinement of the biplane flying boat. The wartime F-5L, redesignated 
PN-5, formed the starting point of these activities, which resulted in a 
number of improved aircraft designs. Until 1928, prototypes of each of 
the improved designs were built in the limited facilities of the Naval 
Aircraft Factory, but lack of funds prevented placing production con-
tracts with industry. 

One prototype, the PN-9, was a much refined development of the 
PN-5 equipped with Packard engines and a hull of aluminum alloy con-
struction. This aircraft achieved a dubious place in aviation history by 
its failed attempt to fly nonstop from San Francisco to Hawaii. With a 
crew of five under the command of Commander John Rodgers, the 
PN-9 left San Francisco on August 31, 1925, and came down at sea 
after flying 1841 miles, a new distance record, about 200 miles short of 
Maui, Hawaii. A higher-than-expected fuel consumption, coupled with 
the lack of anticipated tail winds, resulted in fuel exhaustion and the 
unanticipated landing at sea. Crude sails were fashioned from fabric 
torn from the lower wings, and the flying boat was literally sailed 450 
miles to the Island of Kauai, which was sighted on the 10th of Septem-
ber. (Marginal steering capability prevented the aircraft from reaching 
the much nearer island of Maui.) Whatever may have been lacking in 
flight planning or in understanding of engine performance, the seawor-
thiness of the new all-metal hull and the seamanship of the crew were 
clearly demonstrated by this remarkable venture. Reference 80 is cited 
for a succinct description of the flight. 

By 1928, the Navy had both a flying-boat design that it liked, the 
PN-12, and sufficient money to place production contracts with several 
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aircraft manufacturers. Martin, Douglas, Key stone, and Hall Aluminum 
ultimately participated in the program, and aircraft produced by these 
companies were designated PM, PD, PK, and PH, respectively. The air-
craft produced by each company were based on the Navy-designed PN-
12, but they differed from this aircraft and from each other in a 
number of details that are not discussed here. Detailed descriptions of 
each of the aircraft can be found in references 109 and 118. 

Typical of the patrol boats produced in this program was the 
Martin PM-I illustrated in figure 8.8. The aircraft had the classic twin-
engine biplane configuration, similar in concept to the F-5L, but was 
much cleaner than the earlier aircraft. The number of drag-producing 
interplane struts and wires had been reduced, and the tip-bracing ar-
rangement on top of the upper wing had been eliminated. Neatly 
cowled nine-cylinder radial air-cooled engines on the PM-i contrasted 
with the exposed in-line engines and clums y radiators on the F-5L. 
The data in table IV show that the PM-1 had more power, was some-
what heavier, and had slightly less wing area than the F-5L it was de-
signed to replace. The Martin, however, was nearly 30 miles per hour 
faster than the earlier aircraft and had a 31-percent lower zero-lift drag 
coefficient. The higher value of the lift-drag ratio of the F-5L resulted 
from the higher wing aspect ratio of this aircraft as compared with the 
PM-I. The lower aspect ratio of the Martin boat probably resulted 
from a design trade-off between aspect ratio and empty weight, in corn-

Figure 8.8 - %!artin PM-I Navy patrol boat; 1929. [USN via Martin Copp]
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bination with the effect on CD,O of more interplane bracing which 
would probably have been required for higher aspect ratio wings. The 
hull of the PM-i was a refined version of the sponson-type, two-step 
hull employed on the F-5L and was of all-metal construction; the wings 
were of metal-frame structure covered with fabric and had thicker air-
foil sections than those used on the F-5L. 

Fly ing boats based on the PN-12 design, such as the PM-1, served 
the Navy until well into the 1930's. The U.S. Coast Guard also em-
ployed these aircraft and ordered several of those produced by the Hall 
Aluminum Company, the PH-3, as late as 1938. 

The last and also the largest and highest performance biplane 
living boat developed for the U.S. Navy was the Hall XP2H-i shown in 
figure 8.9. (The largest biplane flying boat ever built was the Short Sar-
afand launched in England in 1932. It had a gross weight of 70 000 
pounds, a wing span of 150 feet, and was equipped with six engines, 
mounted pusher-tractor style in three nacelles, totaling 5500 horse-
power. The Sarafand, after service with the Royal Air Force, was scrapped 
in 1936.) The XP2H-1 was equipped with four in-line Curtiss V-12 en-
gines of 600 horsepower each; the engines were configured in a 

Figure 8.9 - Hall XP2H-1 four-engine Navy patrol boat, 1932. [USN via Martin

Copp] 
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pusher-tractor arrangement in two streamlined nacelles mounted atop 
support pylons. The wings of the single-bay biplane were tapered, had 
a metal internal structure covered with metal sheet, and were braced 
with struts and wires. The single-step hull was of all-metal construction 
and had enclosed accommodations for the crew of six. Figure 8.9 
shows a complex tail assembly featuring two fins and rudders mounted 
on top of a single horizontal surface, which in turn was attached to the 
hull by a single, low-aspect-ratio fin or pylon. 

The data in table IV give a gross weight of 35 393 pounds for the 
XP2H.-1 and a maximum speed of 139 miles per hour. The zero-lift 
drag coefficient of 0.0291 was about 40 percent lower than that of the 
Martin PM-1, and the maximum lift-drag ratio of 10.2 was about 30 
percent higher than that of the Martin PM-I. At a much reduced 
speed, maximum endurance could be obtained by cruising on two en-
gines, and the maximum range was estimated to be 4560 miles. Al-
though the Hall XP2H-1 had very creditable performance, it arrived on 
the scene too late to compete effectively with the new monoplane 
flying boats that began to appear in the 1930's. 

Ordered in 1930 and delivered to the Navy in the fall of 1932, the 
XP2H-1 was a one-of-a-kind aircraft. In 25 hours and 15 minutes, the 
aircraft made a notable nonstop flight from Norfolk, Virginia, to 
Panama in 1935. The pilot on this flight was Lt. John S. Thatch, who 
was destined for fame in World War II. The aircraft met an ignomini-
ous end later in 1935 when it sank during an open-sea landing attempt. 
The XP2H-1 represents the last in a long-lived line of United States-
designed biplane flying boats. 

Two Amphibian Developments 
The amphibian flying boat is a unique type of aircraft equally at 

home operating from land or sea. Such aircraft trace their origins to 
early experiments by Glenn H. Curtiss, but the type did not gain popu-
larity until the introduction of a highly innovative design produced in 
1924 by the Loening Aeronautical Corporation. The Loening aircraft 
provided performance comparable to that of a landplane of similar size 
and performance, the DH-4, but offered the added capability of oper-
ation from either land or water. In an era of few airports, this versatility, 
coupled with high performance, was greatly appreciated. A photograph 
of a Loening OA-1C amphibian is presented in figure 8.10, and perti-
nent characteristics of the aircraft are given in table IV.
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The Loening amphibian appears much as a conventional single-
engine biplane but with the lower part of the fuselage configured as a 
single-step hull that extended forward of the engine and propeller. As 
can be seen in figure 8.10, the wheels could be retracted into cavities 
located on the sides of the hull for water operation. The entire config-
uration concept was made feasible by an inverted \-12 Liberty or Pack-
ard engine that placed the thrust line sufficiently high so that the pro-
peller cleared the forward-projecting hull without, at the same time, 
causing a fuselage of excessive bulkiness. The two-bay biplane wing 
configuration was typical of the time period but was unique in utilizing 
the N-type interplane struts that eliminated much time-consuming 
effort in rigging the wings. The tip-mounted lateral stabilizing floats 
also incorporated skids to prevent damage in landplane operations. 

The hull was of wood-frame construction covered with aluminum 
alloy sheets. Wooden spars and stamped aluminum alloy ribs com-
prised the wing structure, which was covered with fabric. Hand oper-
ation was required to retract the landing gear in early models, but actu-
ation by an electric motor was provided in later versions. Open cock-
pits configured for two or three occupants were usually provided. 

A comparison of the ph ysical and performance characteristics of 
the OA-1C given in table IV with those of the DeHavilland DH-4 in 
table I indicates that the two aircraft are closely similar in size, power, 
weight, and performance. The added versatility of the Loening amphib-
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Figure 8. 10 - Loening OA-IC amphibian; 1924. [USAF via Martin Copp] 
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ian assured it of an important place in aeronautical activities in the 
1920's and 1930's. Versions of the Loening amphibian were built not 
only by Loening but, after the demise of that company, by Keystone 
and even later by Grumman. The modernized version built by Grum-
man was in production well into the World War II years. These latter 
aircraft, designated Grumman JF and J2F were known as Ducks. All 
later versions of the aircraft employed radial air-cooled engines instead 
of the earlier water-cooled Liberty and Packard power plants. All three 
services of the United States—Army, Navy, and Coast Guard—as well 
as a number of civil operators utilized the aircraft. A civil version 
having a single cockpit and accommodations for four to six passengers 
in an enclosed cabin was available in addition to the military models. 
Loening amphibians participated in several record and exploratory 
flights that, together with descriptions of the aircraft and its develop-
ment, are given in references 88 and 89. 

Today, the name Igor Sikorsky is usually associated with the pio-
neer development of the helicopter; but in earlier years, he was known 
as the father of a number of multiengine aircraft, including several ex-
cellent flying boats and amphibians. One of these, the S-38 amphibian, 
first appeared in 1928 and established the great Russian designer in 
the United States. Serving in a number of pioneer airline operations, 
notably Pan American Airways, the aircraft was also used by various 
military services and in several exploratory operations. 

A side view of the S-38 is shown in figure 8.11. In configuration 
concept, the aircraft was reminiscent of the NC boats described earlier 
and consisted of a short hull with the tail assembly attached to outrig-
gers extending from the upper wing of the sesquiplane wing arrange-
ment. Power was supplied by two Pratt & Whitney nine-cylinder radial 
air-cooled engines mounted side by side in nacelles located between 
the wings. A large number of struts integrated the hull, wings, tail as-
sembly , and engines into a unified configuration. Lateral stabilizing 
floats were located beneath the tips of the lower wings, and the landing 
wheels retracted into the sides of the hull. A unique feature of the 
landing gear was the capability for lowering the wheels individually. 
One might question the advisability of such an action, but turning mo-
ments were produced by the water drag of one extended landing gear; 
thus steering capability, always a problem while maneuvering on the 
water at low speeds, was enhanced. Another interesting feature was in-
corporated in the vertical tail surfaces that were cambered and laterally 
spaced so that one surface was in the slipstream of each propeller. In 
the event of the failure of one engine, the cambered surface in the slip-
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Figure 8.11 - Sikorsky S-38 10-passenger amphibian; 1928. Uoseph P. juptner via

AAHS] 

stream of the other engine produced a yawing moment opposite in di-
rection to that caused by the power loss. The relative magnitude of the 
two opposing yawing moments is not known. 

Ten passengers and a crew of two could be accommodated in the 
short, single-step hull formed from a wooden frame covered with alu-
minum-alloy sheets. Before passage through the hump speed, large 
quantities of spray passed through the propellers and covered the 
windshield, effectively blinding the pilots. Although the aircraft was 
built for a number of years and various fixes were attempted, the spray 
problem on the S-38 was never effectively solved. Wings of the aircraft 
consisted of a metal structure covered with fabric. 

According to the data in table IV, the S-38B had a gross weight of 
10480 pounds, a wing span of 71.7 feet, and a top speed of 125 miles 
per hour. Although the Sikorsky S-38 was somewhat smaller than the 
Martin PM-1, the performance of the two aircraft was nearly the same. 
The values of the zero-lift drag coefficient and the maximum lift-drag 
ratio were not those of an aircraft known for outstanding aerodynamic 
efficiency, but the ruggedness and operational flexibility of the S-38 
made it well suited for man y diverse roles. 
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About 120 examples of the S-38 were constructed, and its configu-
ration served as a basis for the single-engine S-39 and the large four-
engine S-40 flying boat operated by Pan American Airways. The S-41 
was a further refinement of the twin-engine S-38, but the high-drag 
configuration of this series of aircraft was abandoned in favor of ar-
rangements of higher aerodynamic efficiency in subsequent Sikorsky 
flying boats and amphibians. 

Design Transformation, 1930-40 
The 1930's saw a transformation in the American flying boat from 

a clumsy biplane of low aerodynamic efficiency, typified by the Martin 
PM-I, to the highly efficient monoplane types, like the Boeing 314, 
which appeared near the end of the decade. The impetus for this meta-
morphosis came from military requirements for increased performance 
as well as from the stimulus of commercial competition. As indicated in 
chapter 4, rapid advancements in aeronautical technology were being 
made in this time period that provided the basis for improved flying-
boat design. In the following discussion, attention is first directed 
toward two early monoplane developments; after which three, large, 
long-range, passenger-carrying boats are described; and finally, three 
general-aviation-type flying boats are presented. 

Early Monoplane Developments 

Nonstop flights between the mainland of the United States and 
Panama, Alaska, and the Hawaiian Islands were major performance ob-
jectives for future Navy flying boats as the decade of the 1920's drew 
to a close. In response to the requirement for this mission capability, 
the prototype of a new breed of flying boat, the Consolidated XPY- 1, 
appeared in January 1929. The aircraft, which represented a marked 
change in patrol-boat design, was a twin-engine strut-braced mono-
plane built to Navy plans and specifications. The prototype offered suf-
ficiently improved performance so that bids were sought by the Navy 
for production of a number of similar boats. The Martin company was 
the winner of the production contract, and the resulting aircraft was 
designated the P3M-I. With this start, both Martin and Consolidated 
began a series of patrol-boat developments that extended into the 
1950's. 

Not to be outdone by the loss of the Navy contract, Consolidated 
offered a passenger-carrying version of their aircraft, which became 
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known as the Commodore. A photograph of this flying boat, figure 
8.12, depicts a parasol monoplane with the wing mounted well above 
the hull on a bridgelike arrangement of struts that also served to sup-
port the two engines located below the wing, as well as the lateral sta-
bilizing floats. The entire lay out suggests a high-drag aircraft; this is 
confirmed by the zero-lift drag coefficient of 0.0562, which is about 18 
percent higher than that given for the Martin PM-1 biplane. The actual 
drag area of the two aircraft, however, is seen to be nearly the same. 
The high-aspect-ratio monoplane wing of the Commodore give it a 
maximum lift-drag ratio about 22 percent higher than that of the PM-1 
and thus offered the potential for higher cruising efficiency and longer 
range than the older aircraft. On the other hand, values of both the 
zero-lift drag coefficient and the maximum lift-drag ratio of the Com-
modore compare unfavorably with those of the Hall XP2H-1 biplane. 
Going to a monoplane configuration was a step in the right direction, 
but the aerodynamic data for the Commodore indicate that the poten-
tial of the monoplane wing arrangement was not realized because of 
the many drag-producing elements, such as struts and uncowled en-
gines, that were present in the design. 

Other features of the Commodore were its single-step all-metal 
hull that could accommodate 32 passengers and a crew of 3. The full 
complement of passengers, located in three cabins, could only be car-

Figure 8.12 - Consolidated Commodore 32-passengerJlying boat; 1931. NASM1 
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ned on relatively short-route segments. For a 1000-mile [light, the boat 
probably could accommodate no more than 14 people including the 
crew (author's estimate). Wing and tail construction consisted of metal-
frame structure covered with fabric except for metal-covered leading 
edges. 

With a first flight in 1931, a total of 14 Commodore boats were 
built. The y were used in airline service from the United States to South 
America where routes extended as far south as Buenos Aires, a dis-
tance of 9000 miles from Miami. They were out of service by 1935, 
having been superseded by more efficient aircraft such as the Sikorsky 
S-42. The Commodore may be considered as a first step in the United 
States along a road that was to lead to the highly efficient monoplane-
t ype patrol and transport flying boats later in the 1930's. The XPY-1 
and its civil counterpart the Commodore may be considered as pro-
genitors in a series of flying-boat developments that led to the famous 
Consolidated PBY Catalina of World War II fame. 

Although emphasis in the present volume is placed on aircraft de-
'eloped in the United States, no discussion of the evolution of the 

monoplane flying boat would be complete without mention of the pio-
neering work of Dr. Claude Dormer, the German designer. As de-
scribed in reference 68, he envisioned large, all-metal flying boats 
before the end of World War I, and such an aircraft was designed, but 
not built, before the end of that conflict. 

In 1922, a twin-engine monoplane flying boat known as the Dor-
flier Wal (whale), ver y similar to the earlier 1918 design, was first 
flown. This aircraft featured a single wing located a short distance 
above the hull with the two engines mounted in a single nacelle, trac-
tor-pusher fashion, on top of the wing. This arrangement reduced the 
number and length of struts inherent in the Consolidated Commodore-
t y pe of arrangement in which the wing was high above the hull with the 
engines mounted below. So successful was the Dormer Wal that var-
iants of the basic design remained in production until 1936, and Dor-
nier fl ying boats of the same general configuration were used by the 
German Luftwaffe throughout the years of World War II. Even today 
proposals have been made for production of a refined version of a 
World War II Dormer fl y ing boat equipped with turboprop engines. 

The ultimate in the Wal configuration concept found expression in 
one of the most remarkable aircraft, either landplane or fl ying boat, 
ever built: the Dormer Do X, which first flew in 1929. This unique 
living boat was the largest aircraft ever constructed up to that time and 
had a gross weight variously listed as 105 820 or 123 459 pounds. The 
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lower value was probably the design gross weight; the higher, likel y an 
allowable overweight condition for special long-range flights. In the 
United States, no aircraft exceeded the gross weight of the Do X until 
the one-of-a-kind experimental Douglas XB-19, at a gross weight of 
about 140000 pounds, flew in 1941, and the Boeing B-29 bomber of 
World War II fame was the first production aircraft to have a higher 
gross weight. Incredibly , the Do X was powered by 12 engines. They 
were positioned in six nacelles, tractor-pusher st yle, strut-mounted on 
top of the wing. Tests were made with several different engines in the 
three Do X aircraft that were built. The data in table IV are for the 
version powered with 12-cylinder Curtiss V-1570 water-cooled engines 
of 640 horsepower each, a total of 7680 horsepower. Perhaps fortu-
nately, no other aircraft has ever been equipped with so many engines. 
One can only guess at the difficulties encountered in keeping all of 
them operating simultaneously in an efficient manner. 

A photograph of the Do X is presented in figure 8.13. As can be 
seen, the monoplane wing was mounted flush with the top of the hull-
fuselage, and the six engine nacelles were located on struts above the 
wing. Instead of lateral stabilizing floats, short stub wings, called spon-
sons, projecting from the sides of the hull near the waterline provided 
lateral stability in the water. Each wing was braced by three struts ex-
tending upward and outward from near the tip of the sponsons. In 
turn, the sponsons were braced b y three additional struts extending 
downward and outward from near the top of the hull to about the mid-

Figure 8.13 - German Dormer Do Xflying boat with 12 engines; 1929. [NASM]
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point of the sponsons. Two sets of horizontal tail surfaces of different 
size were configured in a sesquiplane arrangement, and directional sta-
bility and control were provided by a single fin and rudder. To reduce 
pilot control forces needed to maneuver so large an aircraft, small sur-
faces connected to the main control surface, called park-bench bal-
ances, were mounted above and ahead of the elevator and aileron 
hinge lines. 

The all-metal hull had a modified vee bottom with a single trans-
verse step and an afterbody that tapered to a sharp vertical stern post. 
To assist in maneuvering on the water, a small rudder was mounted at 
the stern post. Accommodations in the hull were divided among three 
decks. On the top deck were the pilots' compartment, navigation room, 
captain's cabin, and flight-engineers' compartment. Instruments and 
controls for operating the battery of 12 engines were located at the en-
gineers' station. The passengers were carried on the second deck, 
which had several cabins with seats and sleeping accommodations as 
well as a bar and smoking and writing rooms. Cabins were spacious, 
and appointments included wood paneling, rugs, and other features of 
contemporary luxury liners of that day. Perhaps some of the weight of 
this equipment was more appropriate to a surface ship than an aircraft 
where lightness is an essential ingredient of efficient flight. But the 66 
passengers for which the aircraft was configured no doubt traveled in a 
regal style unknown today. (On one occasion, 150 passengers, 10 crew, 
and 9 stowaways were carried on one short record flight.) Fuel and 
stores were carried on the lower deck. 

The wing and tail surfaces consisted of a metal framework covered 
mostly with fabric. Having an area of 4844 square feet and a span of 
157.5 feet, the large wing was sufficiently thick to incorporate walkways 
on which a person could pass through the inside of the wing. Access to 
the engines for maintenance was provided by hatches above the walk-
ways at each engine nacelle position. Whether or not work on the en-
gines was performed in flight is not known. 

With a maximum speed of 134 miles per hour and an estimated 
cruising speed of 122 miles per hour at 75 percent power, the perform-
ance of the Do X appears, at first glance, to be very creditable (table 
IV). The zero-lift drag coefficient of 0.0472 was also as low or lower 
than most contemporary flying boats. Because of the low wing aspect 
ratio of 5.12, however, the maximum lift-drag ratio was a low 7.7, a full 
22 percent lower than that of the Consolidated Commodore. In addi-
tion, the useful load fraction (ratio of payload weight plus fuel weight 
to gross weight) was onl y 27 percent for the 105 820-pound gross 
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weight condition. B y comparison, the useful load fraction for the Com-
modore was 35 percent and for the World War I vintage NC-4, 42 per-
cent. The useful load fraction of modern jet transports varies between 
45 and 55 percent, as can be seen from the data given in part II for 
transport aircraft. The combination of low maximum lift-drag ratio and 
small useful load fraction doomed the Do X as a commercial airplane 
capable of carrying an economically attractive payload on transoceanic 
routes. For example, estimates (by the author) suggest that at a gross 
takeoff weight of 105 820 pounds, including 66 passengers and a crew 
of 6, the maximum achievable range was between 600 and 650 miles at 
a cruising speed of 108 miles per hour at sea level. 

A total of three Do X aircraft, including two for the Italian govern-
ment, were constructed. None of these proved to be commercially 
viable. Yet the aircraft must be considered as an engineering achieve-
ment of considerable magnitude for the time; it showed that very large 
aircraft could be built and indicated some of the problems of such air-
craft. Preserved for many years in a Berlin museum, the original Do X 
was destroyed in an Allied bombing raid during World War II. 

The Flying Clipper Ships 

Operated by Pan American Airways with substantial support from 
the U.S. Government, three types of large, four-engine flying boats pi-
oneered long-range commercial flights across the Atlantic and Pacific 
Oceans in the latter half of the 1930's. In honor of the fast sailing ships 
that crossed the Pacific from China in the 19th century, these aircraft 
were collectively known as Clipper ships and each had a specific desig-
nation such as China Clipper or Dixie Clipper. Even today, Pan Ameri-
can applies the name Clipper to each of its jet transports. 

The three legendary Clipper types of the 1930's were the Sikorsky 
S-42, the Martin 130, and the Boeing 314. These aircraft types are il-
lustrated in figures 8.14, 8.15, and 8.16, respectively. Their appearance 
suggests a technical era far in advance of that of such earlier boats as 
the Martin PM-1 and the Consolidated Commodore. Indeed, as de-
scribed in chapter 4, aeronautical technology had made significant 
advances by the mid-1930's; and just as the Boeing 247 and 
Douglas DC-3 represented a higher level of technology than the 
earlier Ford trimotor, so too were the Sikorsky, Martin, and 
Boeing flying boats the products of an advanced technological age. 
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Figure 8.14 - Sikorsky S-42four-t'ngine 32-passenger flying boat; 1934. [NASM] 

BOATS IN THE SKY 

Some of the significant design features of these flying boats were 
the following: 

(1) All three aircraft were equipped with four radial air-cooled 
engines enclosed in drag-reducing NACA cowlings and were 
mounted, side by side, in the wing leading edge. This type 
of installation resulted in significant aerodynamic drag re-
ductions as compared with strut-mounted engine nacelles lo-
cated above or below the wing. In addition, the leading-edge 
engine installation allowed the wing to be mounted on or 
slightly above the top of the hull, thus reducing the length 
and drag of any supporting wing struts while, at the same 
time, keeping the propellers sufficiently high to avoid a 
major spray problem. 

(2) Some form of variable pitch propeller was emplo yed on all 
three boats. Their use resulted in an important increase in 
available power and efficienc y over the speed-altitude oper-
ating envelope of the aircraft.
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Figure 8.15 - Martin model 130 China Clipper class passenger-carrying flying boat; 

1934. [mfr] 

---.-j* 

Figure 8.16 - Boeing model 314 jour-engine passenger-carrying flying boat; 1938. 

[NASM] 

(3) Wing flaps were incorporated on all three aircraft. Flaps per-
mitted the use of higher wing loadings for more efficient 
cruise flight, together with smaller and thus lighter wings, 
without increased stalling speeds. 

(4) All three aircraft were constructed of metal with certain 
small portions covered with fabric. 
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(5) The Sikorsky S-42 had tip floats for lateral stabilization, 
whereas both the Martin and Boeing aircraft utilized spon-
sons for this purpose. These small surfaces were also used 
for fuel tanks and served as convenient ramps for embarking 
passengers. 

(6) While the Boeing 314 had full cantilever wings, the Sikorsky 
and Martin aircraft were characterized by a limited number 
of supporting wing struts. 

(7) The S-42 and Martin 130 had hulls with two transverse 
steps. The Boeing 314 had a single-step hull with an after-
body tapering to a sharp stern post. 

The features cited above do indeed illustrate marked advances in 
flying-boat design as compared with aircraft discussed earlier. Some of 
the important quantitative characteristics of the three aircraft are com-
pared in the following tabulation (other data are given in table IV): 

Aircraft W. '7 ma CD.O (L/D)mx U Rh 

Sikorsky S-42 38000 182 0.0362 12.2 0.37 2914 
Martin 130 52 252 180 0.0303 11.9 0.53 4816 
Boeing 314 84000 201 0.0274 13.0 0.43 4059

where 

Wg	 gross weight 
Vmax	 maximum speed 
CD,O	 zero-lift drag coefficient 
(L/D) max	 maximum lift-drag coefficient 
U	 useful load fraction, 1 - (We/Wg), where We is empty 

weight 
Rh	 hypothetical range 

The hypothetical range was estimated on the assumption of the weight 
of a four-member crew, with the remainder of the difference between 
gross and empty weights being taken up by fuel. The hypothetical 
range gives an indication of the range potential of the aircraft but cor-
responds to no real value because of restricted fuel-tank volume.
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The tabulation shows that the Sikorsky S-42 was the lightest of the 
three aircraft, with a gross weight of 38 000 pounds. To lend perspec-
tive to this weight, the heaviest landplane transport in production in 
the United States at the time the S-42 first flew was the Douglas DC-2; 
it had a gross weight of 18 560 pounds. At a gross weight of 84 000 
pounds, the Boeing 314 was b y far the heaviest of the three boats. The 
maximum speed of the Boeing boat was also about 20 miles per hour 
faster than the 180 miles per hour of the other two aircraft. 

Although the zero-lift drag coefficients varied significantly for the 
three aircraft, the corresponding values of the maximum lift-drag ratio 
showed a more modest variation, with the Boeing 314 having an im-
provement of about 8 percent as compared with the other aircraft. The 
useful load fraction of the Martin 130, however, was higher by 43 and 
23 percent than for the S-42 and 314, respectivel y . As a consequence, 
the hypothetical range of the Martin 130 was the greatest of the three 
aircraft. Although the maximum lift-drag ratio of the Boeing 314 was 
somewhat higher than that of the Martin 130, the large useful load 
Fraction of the Martin gave it a 757-mile, or 19-percent, advantage in 
h ypothetical range over the Boeing. These comparisons of hypothetical 
range suggest the careful attention the designer must give to detail 
trade-off studies of weight and aerodynamic efficiency. An interesting 
indication of progress in flying-boat design during the 1930's is given 
by a comparison of the 4816-mile h ypothetical range of the Martin 130 
to the corresponding value of 1760 miles for the Consolidated Com-
modore, which first flew onl y a few years earlier. 

The great fl ying clippers occup y a permanent place in the annals 
of transport aviation histor y . Present-day accounts b y passengers who 
once flew on these aircraft speak of them with great affection and nos-
talgia. In spaciousness and comfort, they offered a means of air trans-
portation as outmoded today as the luxur y railway trains and steam-
ships of the distant past. 

First of the new-generation flying clippers was the Sikorsky S-42, 
which made its maiden flight on March 29, 1934, and began airline 
service between Miami and Rio de Janeiro on August 16 of that same 
'ear, an indication of the rapidity with which a transport aircraft could 
he flight tested and certified in that long-gone and technically simpler 
age. As the range-payload characteristics of the S-42 did not suit it for 
passenger service on the long overwater routes of the Pacific, the air-
craft was used primaril y on South American segments of the Pan Amer-
ican system. Equipped with extra fuel tanks, however, the S-42 made 
route-survey flights in the Pacific in 1935 and in the North Atlantic in 
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1937. For normal passenger operations, the aircraft was configured to 
carry 32 passengers, with 8 in each of 4 compartments, and a crew of 4 
or 5. With this payload, the aircraft is estimated to have had a range of 
about 1200 miles. A total of 10 S-42 flying boats were built; 4 of these 
survived World War II and were broken up for salvage in 1946. 

Chronologically, the second of the flying clippers, and the one 
most often associated with early trans-Pacific passenger-carrying oper-
ations, was the Martin 130, which made its first flight on December 30, 
1934. Three of these aircraft were constructed and were christened 
China Clipper, Philippine Clipper, and Hawaiian Clipper. Generically, 
the type is referred to as the China Clipper. Proving flights were made 
in the Pacific during 1935 and the first part of 1936. Between Novem-
ber 22 and December 6, 1936, the China Clipper made the first com-
mercial crossing of the Pacific Ocean from San Francisco to Manila. 
The 8210-mile flight was divided into five stages with intermediate 
stops in Hawaii, Midway, and Wake and Guam Islands. Five days and 
60 flying hours were required for the flight. Later, the route was ex-
tended to Hong Kong. 

The Martin 130 was configured to carry 41 passengers in 2 cabins 
with a spacious lounge in between. Actually, to allow for the weight of 
mail and light cargo, as well as a generous supply of reserve fuel, only 
12 passengers were carried on trans-Pacific flights. A passenger on one 
of these flights once referred to rattling around in the spacious accom-
modations. The captain, first officer, radio operator, flight engineer, 
and steward comprised the usual crew of five. 

Each of the Martin Clippers met a violent end. While on a flight 
from Guam to Manila in July 1938, the Hawaiian Clipper simply van-
ished. No trace of wreckage, no oil slick, nothing was ever found, and 
radio transmissions from the aircraft had given no hint of trouble. Even 
today, over 40 years later, speculation on the disaster continues, just as 
it does on the disappearance of Amelia Earhart in 1937. In January 
1943, the Philippine Clipper was destro yed, along with everyone 
aboard, while on a flight from Hawaii to San Francisco. At the time of 
arrival in the San Francisco area, bad weather prevailed and the captain 
elected to fly a holding pattern until conditions improved. Unfortunately, 
a navigational error caused the aircraft to fly into a mountain east of 
San Francisco. According to some accounts, bits of the Philippine Clip-
per can still be found on the lonely mountainside where it crashed so 
many years ago. Finally, after flying millions of miles over a 10-year 
period, the famous China Clipper was lost while attempting a night 
landing at Trinidad in Januar y 1945. All 25 persons aboard perished. 
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The last, the largest, and the most advanced of the flying clippers 
was the Boeing 314, which first flew in June 1938. Twelve of these 
flying boats were built, and theygave fast, comfortable, and reliable 
service for many years. Both Atlantic and Pacific routes were served by 
the Boeing 314. On June 28, 1939, the first regular, nonstop, trans-
Atlantic service was inaugurated by the Dixie Clipper with a flight from 
New York City to Lisbon, Portugal. Several of the Boeing Clippers 
were transferred to the British Overseas Airways Corporation during 
the war, and one of these was used b y British Prime Minister Winston 
Churchill on a round-trip flight from the British Isles to the United 
States in 1942. Photographs of the aircraft and of Churchill taking a 
turn at the controls were released after the flight, and the Boeing 314 
became familiar to millions of people all over the world. 

The interior of the Boeing Clipper was designed to accommodate 
74 day passengers and a crew of 10. With this number of people 
aboard, the maximum range was estimated (by the author) to have 
been about 1900 miles. A range of 3685 miles is often found in specifi-
cations for the aircraft, but this range could only be achieved with a 
much-reduced passenger load. In an arrangement reminiscent of the 
Do X, crawlways in the wings connected the crew quarters in the hull 
to the engine nacelles, thus allowing simple engine repairs to be made 
in flight. 

Because they were no longer competitive with high-performance, 
long-range landplanes, such as the Douglas DC-4, DC-6, and Lock-
heed Constellation, Pan American terminated operation of the Boeing 
314 fl ying boats in 1946. Several of these aircraft were later used in 
nonscheduled operations. In forced landings at sea due to fuel starva-
tion (poor flight planning), two of these aircraft demonstrated their 
seaworthiness when all passengers and crew members survived the 
open-sea landings unhurt and were later rescued by surface ships. All 
Boeing 314 operations ceased in 1950. So ended the colorful and pio-
neering era of the flying clippers. 

The Flying Boat and General Aviation 

Military and commercial operations are usually thought of as the 
principal arena of the fl ying boat. Yet almost from the beginning, flying 
boats have been operated by private individuals for sport, pleasure, and 
personal transportation and by small operators for short-range, com-
muter-type, passenger-carrying use. As early as 1913, versions of the 
Curtiss F boat were sold to private individuals, and in the earl y 1920's, 
the Loening air yacht was offered for both personal and commuter air-
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line use. Later in the 1920's, a number of small living boats and am-
phibians were produced. The single-engine Ireland amphibian and 
Eastman flying boat, both biplanes, as well as the civil version of the 
previously described Loening amphibian, appeared in this period. De-
scribed next are three general-aviation-type flying boats, actually am-
phibians, that appeared in the 1930's. 

At a time when contemporary engineering practice called for a

multitude of struts for support of living-boat wings and engines, the 

Douglas Dolphin, shown in figure 8.17, clearly broke with tradition. 

This eight-place, twin-engine monoplane had a full cantilever wing lo-




cated at the top of the hull, with the two radial engines strut mounted

above the wing. Unlike the Loening amphibian, the landing gear did 

not retract into the hull for water operation but pivoted outward and

upward at the juncture of the two lower struts with the side of the hull. 

A telescoping motion of the single long strut attached at the top of the 

hull permitted this action. The modified vee bottom hull had a single 

transverse step and a tapered afterbody that terminated in a sharp, ver-




tical stern post. Structurally, the cantilever wing was of all-wood con-




struction including the plywood covering, and the hull was all metal. 

The aerodynamic cleanness of the Dolphin was somewhat marred 


by the strut-mounted engine installation and the exposed landing gear. 

Figure 8.17 - Douglas Dolphin twin-engine utility amphibian; 1930. [mfr via Martin

Copp]
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Consequently, the CD.O and (L/D) max values of 0.0430 and 8.82, re-
spectively, are somewhat disappointing. A maximum speed of 153 miles 
per hour, however, gave the 9387-pound amphibian an attractive per-
formance, and the aircraft was certainly a long step ahed of contempo-
raneous living boats such as the Martin PM-l. Although intended pri-
marily for the civil market, most Dolphins were operated by the mili-
tary services for various purposes. They continued to give good service 
as utilit y and search-and-rescue vehicles well into World War II. One 
Dolphin, in the hands of an antique airplane collector, is still flying 
today. 

What must be regarded as one of the most long-lived flying boats 
ever produced was introduced by the Grumman Aircraft Engineering 
Corporation in 1937. Affectionately known as the Goose, the twin-
engine Grumman G-21 is illustrated in figure 8.18. With the two 
cowled, 450-horsepower, radial, air-cooled engines mounted in the 
leading edge, the cantilever wing was located at the top of the hull. 
Lateral stabilization on the water was provided by tip-mounted floats, 
and the landing gear retracted neatly into the sides of the hull. Split 
trailing-edge flaps were incorporated in the wings, and power and effi-
ciency were enhanced by controllable-pitch propellers. The aircraft was 
of all-metal construction except for the rear portion of the wing, which 
was covered with fabric. Depending on the interior arrangement, ac-
commodations were provided in this 8000-pound aircraft for a crew of 

tL1. 

Figure 8.18 - Grumman model G-21 Goose twin-engine utilit'y amphibian; 1937. 

[NASA] 
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two or three and four to seven passengers. The data in table IV indi-
cate a maximum speed of approximately 200 miles per hour and values 
Of CD,0 and (L/D) max of 0.0325 and 10.5, respectively - a good per-
formance even today for such a versatile aircraft. 

The Goose has been used by private owners, airlines, charter oper-
ators, and the military services. Even today, 45 years after its introduc-
tion, at least two short-haul airlines utilizing water and land facilities 
employ the Grumman Goose in daily operation. 

Serving as the first of a series of amphibian flying boats of similar 
configuration but different size, the Goose was followed in 1939 b y the 
4525-pound Widgeon, the 12750-pound Mallard in 1946, and the 
32 000-pound Albatros in 1947. Extensively used by the U.S. Navy, 
Coast Guard, and Air Force, the last Navy Albatros was retired in 1976 
although the Coast Guard retained a few of these aircraft in active serv-
ice for a while longer. Today, a completely remanufactured Albatros is 
being offered by Grumman for civil use by short-haul airlines employ-
ing water- and land-based facilities. 

Intended strictly for the private owner, the four-place, single-
engine Fleetwings F-5 Seabird amphibian is shown in figure 8.19. The 
monoplane wing was mounted on top of the hull and braced with wires 
that ran from the side of the hull to the wing and from the wing to the 
strut-mounted engine nacelle above the wing. For operation on the 
water, the landing gear was retracted in such a way that the wheels pro-
jected horizontally from the sides of the hull, well above the waterline, 
and all struts were buried either in the wing or sides of the hull. In the 
photograph, the tail wheel and water rudder are clearly visible behind 
the stern post of the single step hull. Lateral stabilizing floats were lo-
cated near the wingtips. 

The Fleetwings Seabird illustrates a basic problem that faces the 
designer of a single-engine fl y ing boat. Most single-engine landplanes 
have the engine mounted in the nose. Obviously, this solution is not 
available to the flying-boat designer except for some restricted types of 
configuration such as the Loening amphibian. Many single-engine am-
phibians have employed pusher or tractor engine arrangements similar 
in concept to that of the Seabird. Struts and, sometimes, single stream-
lined pylons have been used to support the engine nacelle. In addition 
to considerations of center-of-gravity location, thrust line position, and 
spray avoidance, the engine must be located so that the rotating pro-
peller poses no threat to persons leaving or entering the aircraft, or in 
case of blade failure, to persons sitting in the cabin. These various con-
straints frequently lead to a pusher configuration.
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Figure 8.19 - Fleetwings model F-5 Seabird four-place single-engine amphibian; circa


1937. [Peter C. Boisseau] 

To avoid the corrosion problem inherent in the operating environ-
ment of fl ying boats, extensive use was made of stainless steel in the 
structure of the Seabird. Both the internal structure and the covering 
of the hull of the aircraft were of stainless steel. The internal frame-
work of the wings and tail surfaces were also formed of stainless steel, 
but these surfaces were covered with fabric. Wrinkles are evident in the 
skin of the hull (fig. 8.19), which indicates the extreme thinness of the 
metal covering. According to reference 81, the engine-turned pattern 
of the metal skin was intended to disguise the wrinkles. 

With a 285 Jacobs radial air-cooled engine, the 3750-pound Sea-
bird had a maximum speed of 150 miles per hour and a landing speed 
of 53 miles per hour. The aircraft thus offered good performance and 
operational flexibility for the private owner, without an alarmingly high 
landing speed and with a modest amount of power that promised rela-
tively low hourly fuel consumption. The Seabird first flew sometime in 
the late 1930's. The total number built is not known, but at least one is 
still fl ying today in the hands of an antique airplane collector. 

Boats at War, 1940-45 

The primitive multistrut monoplane patrol boats produced by 
Consolidated and Martin in the late 1920's and early 1930's have been 
mentioned earlier. Fortunatel y , under the impetus of encouragement in 
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the form of small contracts, both companies continued to develop im-
proved forms of patrol boats during the period 1930-1940. Conse-
quently, when war came to the United States in December 1941, the 
Navy had in hand two excellent twin-engine patrol boats as well as a 
new four-engine flying boat. 

By any measure, the Consolidated PBY Catalina was the most suc-
cessful patrol boat ever built. First flown in March 1935, 2398 Catalinas 
were built in this country, and a number were constructed under li-
cense in other countries, including Russia. In addition to the United 
States forces, British, Canadian, French, Australian, and Dutch forces 
used the PBY in World War II. After the war's end in 1945, the aircraft 
continued to be used by various military forces in different parts of the 
world, and a 22-passenger version was in use as an airliner in South 
America. Even today, a few Catalinas may be found employed in differ-
ent activities. Certainly, the aircraft has been used, at one time or an-
other, for every purpose for which a flying boat might be used - and 
perhaps a few never dreamed of by the designers. 

The PBY was initially designed and produced as a pure flying boat; 
however, two later versions were amphibians. One of these, a PBY-5A, 
is depicted in figure 8.20. Although descended from the PY-1 and 
Commodore series of aircraft, the PBY family bore little resemblance 
to these earlier flying boats. As can be seen from the photograph, the 
semicantilever monoplane wing with engines mounted in the leading 
edge was positioned a short distance above the hull on a streamlined 
pylon. Two short struts on either side of the hull helped support the 
wing and engines. The hull itself had a single transverse step with an 
afterbody tapering to a sharp, vertical stern post. No means of lateral 
stabilization is evident in the photograph since the floats used for 
this purpose were retractable and formed part of the wingtip in the 
stowed position. They were, of course, extended only when the aircraft 
operated from the water. Controllable-pitch propellers were used, but 
the aircraft had no flaps, which accounted for the relatively high 
estimated stalling speed of 79 miles per hour. 

Innovative is a word that might justifiably be used to describe the 
configuration of the PBY series of aircraft. The values of CD,o and 
(L/D) max of 0.0309 and 11.9 indicate a relatively aerod ynamically clean 
fl ying boat for its time. The maximum and cruising speed of 179 and 
117 miles per hour were not particularly fast but were satisfactory for a 
World War II patrol boat. The Catalina was of all-metal construction 
except for the trailing-edge portion of the wing and the control sur-
faces, which were covered with fabric.
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Figure 8.20 - Consolidated PBI-5A Catalina twin-engine Navy patrol boat, World 

War Ii era. [NASA] 

Accommodations in the Catalina provided for a gunner located in 
the nose, side-by-side seating for the pilot and copilot behind the nose 
gunner, a navigator/radio station behind the pilots, and a flight engi-
neer's station located in the pylon supporting the wing. Figure 8.20 
shows a small window in the pylon for use by the flight engineer. Lo-
cated in the hull behind the wing were two gunners in transparent blis-
ters on either side of the aircraft. Some aircraft also had a gun that 
could be tired downward and to the rear through an inclined tunnel 
that opened on the bottom behind the stern post of the hull. For offen-
sive operations, the PBY-5A could carr y either 2000 pounds of bombs, 
two torpedoes, or four 325-pound depth charges. The range of the air-
craft, of course, varied with the pa yload. For purely patrol operations 
without an y bombs, etc., the range given in reference 118 is 2545 
miles. Surely, the Catalina must rank as one of the great flying boats of 
all time. 

With the great clarity afforded by 20-20 hindsight, questions are 
sometimes raised as to whether a particular aircraft should have been 
developed at all, not necessarily because the aircraft considered as a 
living machine was inferior but because of flaws in the operational con-
cepts that engendered its development. Such questions surround the 
only four-engine patrol boat operated by the United States in World 
War II, the Consolidated PB2Y Coronado series of aircraft. 

A 1936 Na' requirement for a long-range, four-engine patrol boat 
capable of carrying a greater payload than the PBY was responsible for 
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the Coronado family of aircraft. The prototype first flew in December 
1937; a later version of the aircraft, the PB21'-2, is depicted in figure 
8.21, and physical and performance characteristics of the PB2Y-3 may 
be found in table IV. 

In configuration concept, the PB2Y was similar in many respects to 
the Boeing 314 (fig. 8.16) with the wing positioned on top of the deep, 
large-volume hull and the four radial air-cooled engines mounted in 
the wing leading edge, two on either side of the hull. In contrast to the 
sponsons used for lateral stabilization of the Boeing 314, however, the 
PB2Y had retractable wingtip floats similar to those on the Catalina. 
These floats and their supporting struts are clearly visible in figure 
8.21, as are details of the bottom of the single transverse step hull. Al-
though wheels are visible in the photograph, these were used onl y for 
beaching and ground handling. The aircraft was not an amphibian. The 
PB2Y was a thoroughly modern aircraft for its day and featured all-
metal construction, trailing-edge flaps, controllable-pitch propellers, 
and engines equipped with two-stage superchargers for high-altitude 
operation. 

The similarity between the configuration of the Boeing 314 and 
the Consolidated PB2Y has already been mentioned. A comparison of 
the data in table IV further highlights the similarities and differences 
between the two aircraft. The zero-lift drag coefficient and the maxi-
mum lift-drag ratio of the two aircraft were about the same. The 

Figure 8.21 - Consolidated PB2}-2 Coronado four-engine Navy patrol boat; World

War II era. [Ray Wagner via AAHS]
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Boeing, however, was 23 percent heavier, had more wing area and thus 
more drag area, and more power than the Consolidated boat. Both air-
craft first flew with a single vertical fin and shared a common aerody-
namic problem. In their initial form, both the 314 and the PB2Y had 
insufficient lateral-directional stability, no doubt caused by the large 
side area of the deep hull forward of the center of gravity. Boeing 
solved the problem by adding two additional fins, one on either side of 
the original center flu, near the tips of the horizontal stabilizer (fig. 
8.16). The Consolidated solution consisted of eliminating the center fin 
and placing large vertical surfaces at the tip of each side of the hori-
zontal tail and introducing a small amount of dihedral in the horizontal 
surfaces. Although great progress had been made during the 1930's in 
achieving an understanding of the science and art of aerod ynamics, the 
lateral-directional problems of the Boeing and Consolidated boats 
clearly showed that more was yet to be learned. 

As an instrument of war, the PB2Y could carr y 12000 pounds of 
bombs, had eight machine guns, six of them in pairs of two located in 
power-operated turrets, and was equipped with self-sealing fuel tanks 
and a certain amount of armour plate. It had a maximum ferry range of 
3120 miles and could carry 8000 pounds of bombs for a distance of 
1380 miles. 

Although the Coronado seemed to have considerable potential as a 
patrol bomber, it saw little operational use in this role. The basic prob-
lem was one of cost effectiveness. A Coronado cost three times as 
much as a Catalina. Yet it is doubtful that a single Coronado could ef-
fectively patrol as large an ocean area as three Catalinas or whether the 
one large aircraft could attack a single surface target with as high a 
probability of success as three of the smaller boats. Questions such as 
these limited the operational use of the PB2Y as a weapon of war. As a 
consequence, most Coronados were used in freight or passenger/carry-
ing roles and all were retired from the Navy by the end of 1945. Total 
production of all versions of the aircraft was onl y 217. The Coronado 
is an illustration of how a basically good aircraft was little used because 
of faulty assumptions in the formulation of the basic requirements for 
the aircraft. 

In the years of World War II, a worth y stablemate of the work-
horse Catalina was the Martin PBM Mariner series of patrol boats. The 
prototype made its initial flight in December 1939; before production 
ended 10 years later, 1360 examples of the Mariner, including many 
different versions, had been constructed. The last Mariner was retired 
from the U.S. Navy in 1958. 
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Figure 8.22 - Two versions of the .%Ia rEin PBM Manner twin-engine Aaz. ,-T patrol boat;


U'orld JVar II era. [mfr via Martin Copp] 

Four different Mariners are depicted in figure 8.22, and a PBM-3D 
was used in figure 8.1 to illustrate certain general features of flying-
boat design. Early versions of the PBM incorporated retractable tip 
floats similar in concept to those employed on the PBY and the PB2Y. 
Because of difficulties experienced with them, however, all versions of 
the Mariner beginning with the PBM-3 were equipped with fixed, tip-
mounted floats. The two aircraft in the foreground of figure 8.22 had 
retractable floats, and those in the background were later versions of 
the aircraft with fixed floats. 

Perhaps the most unusual feature of the PBM configuration was 
the gull shape of the full cantilever wing, with the engines located at 
the juncture of the wing break on either side of the hull. This particu-
lar wing-engine arrangement was intended to minimize spray passage 
through the propellers and, together with the relatively deep hull, 
served as an alternate to the shallow hull and p ylon wing mounting of 
the PB\'. Another distinctive feature of the Mariner configuration was 
the two vertical-tail surfaces mounted at the tips of the horizontal tail. 
And like the PB2Y, dihedral was incorporated in the horizontal surface. 
This particular empennage design probably gave improved directional 
control with one failed engine, as compared with a single fin configura-
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tion, and assisted in minimizing spra y impingement on the tail. Of 
modern all-metal construction, the PBM also had trailing-edge flaps 
and controllable-pitch propellers. Although most versions of the Mari-
ner were pure fl y ing boats, a few were completed as amphibians in 
1948 and 1949. A number of transport versions were also built. 

A comparison of the data in table IV shows that the PBM-3D was a 
larger aircraft than the PBY-5A. For example, the Mariner was 52 per-
cent heavier and had 58 percent more power than the Catalina, but the 
two aircraft had about the same wing and drag areas. As would be ex-
pected, both the maximum and cruising speeds of the Mariner were 
somewhat higher than those of the Catalina, as was the value of the 
maximum lift-drag ratio. 

The PBM-3D had eight .50-caliber machine guns and 1058 
Pounds of defensive armament and could carry either bombs or depth 
charges housed behind the engines in lengthened nacelles in the PBM-
31) and later versions of the Mariner. A total of eight 325-pound depth 
charges could be carried. The range potential of the aircraft varied with 
the payload. For example, the ferry range with no payload was 3000 
miles, and with four 325-pound depth charges, the aircraft was capable 
of a range of 2580 miles. 

Like all highly successful aircraft, the Mariner was produced in 
many versions, with different engines, different equipment, and differ-
ent capabilities. The data in table IV are for only one version, the 
PBM-31). Complete descriptions of the various versions of the Mariner, 
as well as the Catalina and the Coronado, may be found in references 
64, 109, and 118. 

Twilight of an Era, 1945-

Although the Boeing 314, last of the four-engine, commercial 
flying boats developed in the United States, was first flown in 1938 and 
scheduled commercial operations of these aircraft ended in 1946, limited 
flying-boat development continued for some years following the end 
of World War II. The Grumman Mallard, for private and short-haul 
use, and the Albatros, for military missions, have alread y been men-
tioned. An ambitious fl y ing-boat project begun during the war, the 
Hughes H-4 Hercules, reached fruition in 1947. With a wing of 320-
foot span and an area of 11 430 square feet (the Boeing 747 has a wing 
area of 5500 square feet), the H-4 was, and is, the largest (in terms of 
dimensional size) airplane ever built. Powered by eight Pratt & Whitney 
28-cylinder radial air-cooled engines of 3000 horsepower each, the air-
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craft was unique in being constructed almost entirely of wood. This 
material was used to conserve strategically important aluminum alloys 
during World War II. One flight at an altitude of 70 feet and of about 
1 mile in length was made by the aircraft at the hands of pilot Howard 
Hughes in November 1947. It never flew again but was preserved by 
the eccentric Mr. Hughes in an environmentally controlled hangar at 
Long Beach, California, for over 30 years. Today , the aircraft, an ex-
periment that somehow failed, can be seen by the public, along with 
the ex-luxury liner Queen Mary, at Long Beach. 

An interesting postwar experiment that received greater success 
than the Hughes H-4 was the turboprop-powered Convair R3Y 
Tradewind transport. Originally conceived as a patrol boat, this 
123500-pound aircraft was equipped with four 5100-shaft-horsepower 
Allison engines, each driving two three-blade contrarotating propellers. 
Ultimatel y used by the U.S. Navy as passenger and cargo transports in 
the 1956-58 time period, a total of 11 of these aircraft were built; some 
were used for experimental purposes, others were lost, and the remain-
der were retired in 1958 because of persistent propeller and gear-box 
problems. 

During the postwar period, two large, new flying boats, both built 
by Martin, successfully served with the U.S. Navy. These were the JRM 
Mars cargo transport and the P5M Marlin patrol boat. Based on the 
earlier XPB2M-1 patrol bomber (later converted to a transport), 20 of 
the JRM transports were ordered in January 1945. Following the cessa-
tion of hostilities, however, the order was reduced to six aircraft. First 
flight took place in July 1945, and the last of the six flying boats had 
been delivered by the fall of 1947. The last one completed, designated 
JRM-2, was heavier and had more powerful engines than the JRM-1, 
for which data are given in table IV. 

With its full cantilever wing mounted at the top of the hull and the 
four radial engines located in the leading edge of the wing, the JRM 
had a configuration that, by the 1940's, had become nearly standard 
for large flying boats. The JRM-1 Hawaiian Mars is shown taking off 
from the water in figure 8.23. With a wing span of 200 feet and a gross 
weight of 145000 pounds (165000 pounds for the JRM-2), the Mars 
was the largest operational thing boat ever developed in the United 
States. Equipped with four Wright R-3350-8 double-row, 18-cylinder 
engines of 2200 horsepower each at takeoff, the JRM-1 was capable of 
maximum and cruising speeds of 222 and 153 miles per hour. With 
split trailing-edge flaps and a wing loading of 39.4 pounds per square 
foot, the aircraft had an estimated stalling speed at gross weight of 88 
miles per hour.
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Figure 8.23 - The 145 000-pound Martin JRM_1 Mars cargo transport, 1945. [mfr

via Martin Copp] 

A zero-lift drag coefficient of 0.0233 and a maximum lift-drag ratio 
of 16.4 made the JRM the most aerod ynamicall y efficient of any of the 
living boats for which data are given in table IV. An indication of the 
range potential of the aircraft is given by its record 4375-mile flight 
from Patuxent River, Maryland, to Natal, Brazil, while carrying a pay-
load of 13 000 pounds. (The flight was made by the earlv patrol-
bomber version of the aircraft.) 

Accommodations aboard the two-deck aircraft provided for duty 
and reserve crews of four men each. Included were two shower baths, 
one for officers and one for enlisted men. Special loading hatches, tie-
down rings, and a hoist with a 5000-pound capability were part of the 
equipment included for cargo handling. As an assault transport, the 
JRM-1 could carry 132 fully equipped troops and 7 Jeeps; or as an am-
bulance aircraft, 84 stretcher cases and 25 medical attendants could be 
accommodated. 

Early in their operational life, two of the JRM-1 aircraft, the Mars 
and the Marshall Mars, were destro yed; the remaining four served the 
Navy until the y were retired in 1956. In 1959, these aircraft were pur-
chased by Canadian interests to be converted to water bombers for use 
in controlling forest fires. In this configuration, the aircraft could carry 
6000 gallons of water. The tanks could be replenished in flight by ex-
tending scoops and skimming along the surface of a lake or other body 
of water. The Marianas Mars was lost in a flying accident, and the 
Caroline Mars JRM-2) was destroyed by a hurricane. The other two 
aircraft, the Philippine Mars and the Hawaiian Mars, continue in use 
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today as water bombers - certainly an application never foreseen by 
its designers but nevertheless a useful occupation in retirement for a 
good aircraft whose design goes back more than 35 years. 

No large, multiengine propeller-driven flying boat has been devel-
oped in the United States since the Martin P5M Marlin first flew in 
1948. (The jet-powered Martin P6M Seamaster flying boat is described 
in part II.) With a gull wing of the same size as that used on the earlier 
PBM Mariner, the P5M was, however, a much heavier aircraft equipped 
with more powerful engines. Although bearing many configuration si-
milarities to the PBM, the P5M had an entirely new, high length-beam 
ratio hull with a planing-tail afterbody. This new and greatly improved 
hull form had been extensively studied in both the towing tank and 
wind tunnels at the NACA Langley laboratory (refs. 36, 37, and 124, 
for example) and offered the possibility of reducing the unfavorable 
drag differences between flying boats and landplanes. It was found that 
by maintaining the product b1 2 constant and increasing the value of the 
length-beam ratio 1/b, the water drag and spray characteristics of the 
hull were little altered and the aerodynamic drag was significantly re-
duced (1 and b are the length and beam of the hull, respectivel y). The 
planing-tail afterbody ameliorated the stability problems of porpoising 
and skipping. As compared with more usual values of 5 to 6, the hull 
length-beam ratio of the P5M was 8.5, while some of the experimental 
data in reference 124 are for hulls of length-beam ratio as high as 15. 

The P5M-2 version of the Marlin is depicted in figure 8.24 and 
clearly shows the new hull form. Although the P5M-2 differed from the 
P5M-1 in a number of respects, the high T-tail of the P5M-2, as com-
pared with a low tail on the P5M-1, immediately identifies the later air-
craft. The 76 595-pound gross weight Marlin was powered by two 
Wright R-3350-18 turbocompound, 18-cylinder, radial air-cooled en-
gines that drove controllable-pitch, fully reversible propellers. (Further 
details of this engine are given in chapter 6 describing the Lockheed 
1049G Super Constellation.) These propellers, together with individ-
iially extendible flaplike surfaces below the waterline at the end of the 
hull, greatly enhanced the maneuverabilit y of the Marlin on the water. 
Power-boosted controls and spoiler ailerons were other modern fea-
tures of the aircraft. As compared with its look-alike wartime ancestor, 
the PBM, the Marlin had a 19-percent lower zero-lift drag coefficient 
and a 9-percent higher maximum lift-drag ratio. With the low specific 
fuel consumption of the Wright R-3350 engines, the hypothetical 
range of the Marlin was over 4800 miles as compared with 3500 miles 
for the Mariner. The maximum and cruising speeds of the Marlin were 
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Figure 8.24 - The !artin P5lI-2 Marlin was the last Navy patrol boat; 1953. 

[Robert L. Lawson via AAHS] 

251 and 159 miles per hour as compared with 202 and 135 miles per 
hour for the Mariner. Clearl y , the Marlin was a more capable aircraft 
than its well-known predecessor. 

The Marlin was primarily an antisubmarine aircraft and, as such, 
was equipped with a variety of electronic detection equipment. Offen-
sive armament consisted of various combinations of torpedoes, bombs, 
depth charges, and rockets. A number of these stores could be carried 
in the elongated engine nacelles. Several power-operated turrets were 
provided for defense. Like most large, long-range patrol aircraft, the 
P5M had a galley and provisions for crew rest on long flights. 

Of a total of 259 P5M boats built, 145 were the P5M-2 version. 
The last new one was accepted by the Navy in 1960. After a long and 
useful career, the P5M was finally retired from Navy service in 1967. 

Today, the four-place Lake amphibian fl ying boat for the private 
owner, equipped with a 200-horsepower engine, is the only new flying 
boat offered for sale in the United States. Is the proud era of the flying 
boat ended, or will new applications of this versatile t y pe of aircraft be 
found? Perhaps the next few years will provide the answer. 

Comparative Aerodynamic Efficiency 
Because of the size and shape of the hull, the assertion has fre-

quently been made that the aerod ynamic efficienc y of a flying boat, in 
ally given time period, is inherentl y less than that of a landplane. To 
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Figure 8.25 - Flying-boat symbols used in figures 8.26 and 8.27. 
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Figure 8.26 - Trends in zero-lift drag coefficient for propeller-driven flying boats. 

provide some quantitative basis for the assessment of the comparative 
aerodynamic efficiencies of landplanes and flying boats, values of the 
zero-lift drag coefficient CD,O and maximum lift-drag ratio (L/D) m are 
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shown as a function of time in figures 8.26 and 8.27, respectively. The 
symbols used to identify the various flying boats in the figures are 
identified in figure 8.25. Values of CD.O and (L/D) m are plotted on the 
figures for all the flying boats listed in table IV. The bound lines for 
landplanes shown in the figures were taken from the trends shown in 
chapter 7 of this volume, as were the data shown for four specific mul-
tiengine landplanes. 

As was the case with landplanes during the same time period, the 
data in figure 8.26 show that the value of CD.O for flying boats rapidly 
decreased in the years between 1930 and 1940. In comparison with the 
trend for landplanes, however, the lower bound of CD.O values for 
flying boats is significantly higher. For example, the lower bounds of 
drag coefficient are separated by about 40 percent in the period of the 
early 1940's. Since some of the data used to form the lower bound for 
landplanes were for high-performance single-engine aircraft, specific 
data for four multiengine landplanes are also shown in figures 8.26 and 
8.27. Two of the CD,O points are seen to be close to the landplane 
lower bound, and two are near the fl ying-boat lower bound. In general, 
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Figure 8.27 - Trends in maximum lift-drag ratio for propeller-driven flying boats. 
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the trends and data suggest that, in a given time period, zero-lift drag 
coefficients have been higher for flying boats than for Iandplanes. 

In figure 8.27, the variation of the maximum lift-drag ratio with 
time shows a rapid increase, beginning in about 1930, followed by a 
leveling off in the 1940's. Again, the aerodynamic efficiency of the 
fl ying boat is seen to be lower than that of its landplane counterpart. 
Between 1930 and 1942, however, the difference between the two 
types of aircraft, in terms of (L/D)max, was significantly reduced. For 
example, the upper-bound line for landplanes was about 40 percent 
higher in 1930 than the best values of (L/D)max for flying boats, but 
this difference had been lowered to about 14 percent by 1942. The 
high value of (L/D)max shown for the Martin JRM-1 resulted not only 
from its low value of CD,o but also from the high aspect ratio, nearly 11, 

of its wing. 
If the large flying boat is ever revived, a major challenge will be to 

give it acceptable hydrodynamic characteristics while, at the same time, 
making its overall efficienc y and cost effectiveness comparable to con-
temporary landplanes.
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Chapter 9 
Introduction 

T
he development of the propeller-driven aircraft from a curiosity to 
a highly useful machine has been described in part I of this 

volume. As the first 40 years of powered flight drew to a close, aircraft 
equipped with reciprocating engines had about reached the end of their 
development in what must be ranked as one of the most spectacular 
engineering achievements in history. Although some further technical 
refinement was possible, the technology of that class of aircraft had 
reached a plateau with little prospect of major improvement in the 
future. In the closing months of World War II, however, there emerged 
a revolutionary new t ype of propulsion system: the jet engine. Al-
though operationally introduced in somewhat primitive form, the sub-
sequent development of this entirely new t ype of propulsion system 
resulted in advancements in aircraft design that have been almost as 
spectacular as those which characterized the first 40 years of powered 
flight. 

Jet propulsion was initially applied to military aircraft of various 
types. Indeed, since the inception of jet fighters, the performance of 
these aircraft and their offensive and defensive weapons have resulted 
in a capability far exceeding anything imagined in World War II. 
Speed, rate of climb, maneuverability, range, and payload of military 
aircraft have increased spectacularly as a result of the turbine engine 
and associated radical changes in aircraft design concepts. Maximum 
speeds have exceeded Mach 3, and maximum sea-level rates of climb in 
excess of 50 000 feet per minute have been achieved with some 
modern fighter aircraft. Gross and payload weights of many modern 
lighter and attack aircraft are greater than those of heavy bombers of 
World War II vintage. 

Perhaps the greatest impact of the jet engine on our modern way 
of life has been in the area of mass transportation. Introduction of the 
jet-powered transport in 1952 heralded the beginning of a revolution 
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in domestic and international air transportation that has accompanied 
the development and refinement of the jet-powered transport. The 
modern jet transport with its high speed, safet y , and economical appeal 
has altered peoples' concepts of the relative accessibilit y of various 
places in the United States and throughout the world. Methods of com-
nuinication have accordingly changed, as have methods of conducting 
business operations. Whereas air travel was once regarded as the prov-
ince of the adventurer and the affluent, all classes of people are now 
traveling by air both for business and pleasure. Americans are traveling 
toda y by air in unprecedented numbers, on schedules undreamed of 20 
or 30 years ago, and are seeing and experiencing cultures in other 
parts of the countr y and the world to an extent that would have been 
incomprehensible to past generations. 

Some indication of the size and scope of past, present, and pro-
jected future airline transport activit y is given in the following tabula-
tion (based on data from refs. 146, 156, and 181): 

1)oniestic lnterna- 
tional 

flirts Year	 hil , flights. Total ions 
of RPM billions 

i of RPM 

1949	 - - 8.8 
1959	 25.4 7.1 32.5 
1969	 106.0 30.1 136.1 
1976	 147.0 41.5 188.5 
1986 (projected)	 267.5 79.0 346.5

The total number of revenue passenger miles (RPM) flown by sched-
uled United States carriers is seen to have increased from 8.8 billion in 
1949 to 188.5 billion in 1976. The corresponding number in 1986 is 
forecast to be 346.5 billion. Thus, the number of revenue passenger 
miles has increased by a factor of more than 20 in the 27-year time 
period from 1949 to 1976. The introduction of the jet transport 
marked the beginning of the end of the ocean-going ship as a serious 
means of overseas travel. The statistics in the tabulation show that 
overseas travel by air comprised 7.1 billion revenue passenger miles in 
1959, 41.5 billion in 1976, and is projected to increase to 79.0 billion 
by 1986. By was' of comparison, in 1939 steamships of all nations are 
estimated to have operated about 3 billion revenue passenger miles be-
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tween the United States and other countries of the world. Thus, the 
airplane has not only supplanted the steamship but has, in fact, gener-
ated a new and greatly enlarged market for overseas travel. Air travel 
today is accepted as a major component of the common-carrier trans-
portation system, and the modern jet transport is largely responsible 
for the revolution that has made air travel for the masses what it is 
today. 

The technology, development, and design features of various types 
of civil and military jet-powered aircraft are discussed in part II of this 
book. To limit the scope of the material, the discussion is restricted, as 
in part I, primarily to aircraft developed in the United States. No ad-
verse reflection on the qualit y of the many fine foreign designs devel-
oped over the years is intended by their exclusion. 

The aircraft discussed, together with some of their performance 
and physical characteristics, are listed in tables V to VIII in appendix 
A. The quantities tabulated are defined in the list of symbols contained 
in appendix B and generally require no further elaboration. Some of 
the quantities listed are discussed in more detail in the introduction to 
part I. The references used in obtaining the characteristics of the air-
craft are listed in the tables or are specifically cited in the text. Jane's All 

the World's Aircraft (refs. 125 to 131) has been used extensively in com-
piling the characteristics of the aircraft presented in the tables, as have 
various directory issues of Flight International Magazine (for example, 
refs. 150, 167, 168, and 177) and other well-known reference works. A 
few references that provide useful background material but are not spe-
cifically cited are offered for additional reading on the subject of air-
craft development. For convenience, references 132 to 210 are listed 
alphabetically.
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Chapter 10 

Technology of the Jet Airplane 

Background 

T
he highly developed technology of the propeller-driven aircraft 
formed the foundation from which the jet airplane evolved. Com-

pared with its propeller-driven ancestors, however, the modern jet 
aircraft incorporates many refinements in such areas as structures, 
materials, aerodynamics, methods of construction, and onboard sys-
tems. A description of all these various improvements and innovations 
is beyond the scope of the present discussion. In order to exploit fully 
the performance potential of the jet engine, however, certain basic 
configuration changes in the form of the airplane were necessary. Wing 
design and wing-fuselage integration for high-speed flight are briefly 
discussed in the following paragraphs, as are certain characteristics of 
high-speed aircraft at large angles of attack. Included in the discussion 
is a description of some of the powerful high-lift devices employed on 
most modern, long-range jet aircraft. However, the jet engine itself and 
some of its variants and characteristics are considered first. 

Jet Propulsion 
The speed at which a conventional propeller-driven aircraft may fly 

efficiently is fundamentally limited by the loss in propeller efficiency 
that occurs as the tip speed approaches a Mach number of 1.0. (See 
chapter 5.) One of the important advantages of jet-type propulsion sys-
tems is that they overcome this fundamental limitation. The air intake 
and internal flow s ystems for jet engines are designed in such a way as 
to limit the velocit y of the air at the first stage of compressor blading 
so that severe adverse Mach number effects are not encountered. 

Another advantage found in jet propulsion s ystems is the small 
weight per unit power and the tremendous amount of power that can 
he packaged in a single unit. An interesting illustration of the power 
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and weight features of jet propulsion can be obtained from the follow-
ing comparison of some of the characteristics of the modern Boeing 
747 jetliner and the earlier propeller-driven Lockheed 1049G Super 
Constellation. The Super Constellation is typical of the final generation 
of high-performance, piston-engine transports and is described in chap-
ter 6. The total power, the power per engine, and the ratio of power to 
dry engine weight of the two aircraft are compared in the following 
tabulation: 

(.harjcteristic 
-J Lockheed Boeing

o49(; 747 

Weight. W, lb 112 000 700 000 
Speed, V, mph 330 530 
Altitude, ft 23 000 35 000 
Lift-drag ratio, L/1) 15 16 
Number of engines 4 4 
Total cruise power. hp 6 585 59 934 
Power per engine, hp 1 646 14 984 
1)ry engine weight, lb 3 675 8 600 
Power-to-weight ratio 0.45 1.74

In this case, the power is defined as the total amount of power usefully 
employed in propelling the aircraft at the assumed conditions of 
weight, speed, and lift-drag ratio. The power used in the tabulation 
may be thought of as being proportional to the total number of British 
thermal units supplied to the engine per unit time multiplied by the 
overall efficiency with which this energy is converted to useful work; 
that is,

WV 
P=-

(LID) 550 

where P is in horsepower and V is in feet per second. The given values 
of W, V. and L/D employed in the equation are only estimates that 
may not be entirely consistent but are thought to be sufficientl y accu-
rate for the present purpose. 

The Boeing 747 cruising at 530 miles per hour at a weight of 
700 000 pounds is seen to require 59 934 horsepower; the correspond-
ing values for the Super Constellation are 330 miles per hour, 112 000 
pounds, and 6585 horsepower. The power per engine for the two air-
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craft is seen to be 14 984 horsepower and 1646 horsepower for the 747 
and Super Constellation, respectivel y . The Wright 3350 turbocom-
pound engines that powered the Lockheed aircraft are among the most 
powerful reciprocating engines ever developed for aircraft use. These 
engines developed a maximum of 3250 horsepower at takeoff; the 
value given in the table is for a normal cruise power setting. The enor-
nious amount of power generated by the Pratt & Whitne y turbofan en-
gines of the 747 as compared with the reciprocating engines that pro-
pelled the Super Constellation is obvious. The values of power-to-
weight ratio for the two types of propulsion systems are also of great 
interest. The weights used in this ratio are the dr y , uninstalled engine 
weights as given in reference 205. The turbine engines in the Boeing 
aircraft develop nearl y four times as much power for each pound of 
engine weight as do the reciprocating engines that power the Lockheed 
aircraft. 

The jet propulsion s ystem avoids the compressibilit y problem that 
limits the speed at which the propeller ma y be efficiently employed, is 
light in weight for a given amount of power as compared with a recip-
rocating engine, and can be successfully produced in single units capa-
ble of generating very large amounts of power. Jet propulsion systems 
also require much less maintenance than do reciprocating engines and 
may be operated for many thousands of hours without major overhaul. 
Engine failures are also relativel y rare with jet propulsion systems. 

Turbojet and Turbofan Systems 
Turbojet and turbofan propulsion systems are employed extensively 

in jet-powered aircraft. Schematic drawings of the two propulsion sys-
tems, taken from reference 133, are given in figure 10.1. The turbojet 
shown at the top of the figure consists of high- and low-pressure com-
pressors, combustor, and high- and low-pressure turbines. In the tur-
bojet, all the inlet air passes through each element of the engine. The 
compressors raise the pressure of the inlet air; the pressure ratio varies 
for different engines but may approach 30 to I. The high-pressure air 
enters the combustor where fuel is injected. The fuel-air mixture is ig-
nited and the resulting hot gases pass through the turbines that, in 
turn, drive the compressors. The exhaust from the turbines provides 
the thrust that propels the aircraft. 

The turbojet shown in figure 10.1(a) is called a twin-spool engine. 
The low-pressure compressor is driven by the low-pressure turbine, 
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Figure 10. 1 - Two t ypes ofjet propulsion systems. 

and the high-pressure compressor is driven by the high-pressure tur-
bine. These two units rotate at different speeds in order to maintain 
high efficiency in all stages of compression. The engine shown in figure 
10.1(a) has nine stages and seven stages in the low-pressure and high-
pressure compressors, respectively, and the low-pressure and high-
pressure turbines contain two stages and one stage. 

A schematic drawing of a turbofan engine is shown in figure 
10.1(b). The turbofan engine contains all the elements of the turbojet 
shown in figure 10.1(a), but in addition, some of the energy in the hot 
jet exhaust is extracted by a turbine that drives a fan. A portion of the 
inlet air that enters the fan is bypassed around the engine; the fan, 
then, is somewhat like a propeller being driven by the turbomachinerv. 
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Unlike the propeller, however, a single fan stage may contain from 20 
to 50 blades, is surrounded by a shroud, and is more like a single-stage 
compressor than a propeller. For example, the pressure ratio across a 
single fan stage is usually in the range of 1.4 to 1.6; whereas the pres-
sure ratio across the propeller discs of the Lockheed Super Constella-
tion in cruising flight is somewhat less than 1.02. 

The bypass ratio of a turbofan engine is defined as the ratio of the 
mass of air that passes through the fan, but not the gas generator, to 
that which does pass through the gas generator. Bypass ratios between 
I and 2 are typical of the first turbofan engines introduced in the early 
1960's. The more modern turbofan engines for transport aircraft have 
bypass ratios that usually fall between 4 and 6, and the engine em-
ployed on the Lockheed C-5A has a bypass ratio of 8. The larger the 
bypass ratio, the greater the amount of energy extracted from the hot 
exhaust of the gas generator; as much as 75 percent of the total thrust 
of a turbofan engine may be attributed to the fan. 

The single-stage front fan shown on the engine in figure 10.1(b) is 
integral with the low-pressure compressor, and a four-stage turbine 
drives both the fan and the compressor. Some turbofan engines are of 
the three-spool type. The hot gas generator employs two spools, like 
the turbojet shown in figure 10.1(a), and a third spool that is inde-
pendent of the other two contains the fan and its own turbines. Fans of 
more than one stage have also been used, as have aft-mounted fans. 
The aft-fan design is one in which the fan blades form an extension of 
an independently mounted turbine situated in the hot exhaust of the 
gas generator. 

Most modern civil and military aircraft are powered by some form 
of turbofan engine because such engines consume less fuel to produce 
a given amount of useful power than do comparable turbojet engines. 
The higher efficiency of the turbofan engine can be explained with the 
use of Newton's second law of motion. From this well-known law, it 
may be deduced that a given level of thrust can be produced at a given 
flight velocity, either by the addition of a small increment of velocity to 
a large mass flow of air or by the addition of a large increment of ve-
locity to a small mass flow of air. The required energy addition (fuel), 
however, is less for the first than for the second case. (A simplified ana-
lytical proof of this statement is contained in appendix E.) The im-
proved efficiency of the turbofan as compared with the turbojet is, 
therefore, directly related to the larger air-flow capacity of the fan 
engine at a given thrust level.
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To give quantitative definition to the preceding discussion, the 
overall propulsion s ystem efficienc y at different speeds is compared in 
figure 10.2 for several propulsion s ystems. The overall propulsion 
s ystem efficienc y 71 is the efficienc y with which the energy in the fuel is 
usefull y employed in propelling the aircraft and consists of the product 
of the cycle efficienc y 71, and the propulsive efficiency i as follows: 

The cycle efficienc y is expressed as the percentage of the heat energy 
in the fuel that is converted to mechanical energ y in the engine, and 
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Figure 10.2 - Overall efficiency (ij=i) of several ipes of aircraft propulsion

systems. (cp is defined in appendix F.) 
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the propulsive efficienc y is expressed as the percentage of this mechan-
ical energy that is usefully employed in propelling the aircraft. The 
methods used in calculating the values of efficienc y given in figure 10.2 
are described in appendix F. 

The curves in figure 10.2 show the overall propulsion-s ystem effi-
ciency as a function of Mach number for a turbojet and two turbofan 
engines. The turbo *et engine and the turbofan engine of bypass ratio 
1.4 have the same gas generator. Both engines show a large increase in 
efficiency as the Mach number increases. For example, the efficiency of 
the turbofan with a b ypass ratio of 1.4 increases from 8 percent to 27.5 
percent as the Mach number is increased from 0.2 to 0.9. The 13-per-
cent improvement in efficienc y of the fan engine as compared with the 
pure jet (at a Mach number of 0.8) results entirely from the addition of 
the fan. The large increase in efficiency that accompanies an increase in 
the bypass ratio from 1.4 to 6.0, however, is onl y partly attributable to 
the increase in bypass ratio. The overall compressor compression ratio 
of the engine with bypass ratio of 6.0 is about 25, whereas the corre-
sponding ratio for the other fan engine is about 14. Part of the increase 
in efficiency shown by the engine of higher bypass ratio is accordingly 
due to an increase in cycle efficiency. 

Also shown in figure 10.2 are points for two reciprocating engines 
and a turboprop engine. The Wright R-3350 turbocompound engine 
employed on the Lockheed Super Constellation (see chapter 6) was 
probably the most efficient reciprocating engine ever designed for air-
craft use. The overall efficiency of this engine is shown plotted at the 
cruising speed of the Constellation. Comparison of the point with the 
curve for the high bypass ratio turbofan engine indicates that the effi-
ciency of the fan engine is as high as that of the Wright engine at a 
Mach number twice that at which the Constellation cruised. Thus, the 
overall propulsion efficiency of the 747 fl y ing at its normal cruising 
speed is about the same as that of the Constellation at its normal cruis-
ing speed. The overall efficienc y of the engine with a bypass ratio of 
1 .4, however, is about 20 percent lower than that of the reciprocating 
engine even at the normal cruise Mach number of the fan engine of 
about 0.8. The value of the overall efficiencyof the 747 is about 32 
percent at a Mach number of 0.8. The trends in figure 10.2 clearly 
show that, with respect to overall propulsion efficienc y , the bypass ratio 
Should increase as the cruising speed decreases, and at some speed the 
propeller or low-solidarit y fan becomes the most efficient t ype of pro-
pulsion system. The selection of the optimum bypass ratio for a par-
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ticular aircraft, however, involves trade studies of man y factors, such as 
the details of the performance requirements of the aircraft in different 
flight regimes, the efficiencies of the various components of the engine, 
and the weight and size of the fan and its installation. Also of impor-
tance in the selection of the bypass ratio, particularl y for an engine in-
tended for application on a civil aircraft, are the noise characteristics of 
the engine. Engine noise has not been mentioned so far but is briefly 
discussed in a later section of this chapter. 

The point indicated by a square symbol in figure 10.2 is for a 
modern six-cylinder, horizontally opposed, reciprocating engine of the 
type employed in present-day general aviation aircraft. The value of the 
efficiency of this engine at a Mach number of 0.3 is about 24 percent as 
compared with about 17 percent for the turbofan at the same Mach 
number. The point indicated by a diamond symbol in figure 10.2 is for 
a contemporary turboprop engine employed in a widely used cargo air-
craft. The efficiency of this propulsion system is about the same as that 
of the turbofan at a Mach number of 0.49. The turboprop engine for 
which the point is shown in figure 10.2 is an old engine that has a 
compressor compression ratio of only about 10. An engine of more 
advanced design would be expected to have a higher value of overall 
propulsion efficiency. The values of the specific fuel consumption c 
for the reciprocating and turboprop engines were obtained from 
reference 205. 

The preceding paragraphs indicate that the turbofan engine, as 
compared with the reciprocating engine driving a conventional propel-
ler, offers the following advantages: 

(1) The turbofan avoids the compressibility losses that limit the 
speed at which a propeller-driven aircraft may efficiently 
cruise. 

(2) The weight of the turbofan engine per unit power is signifi-
cantly less than that of the reciprocating engine. 

(3) The turbofan engine is capable of developing a very large 
amount of power in a single unit without prohibitive me-
chanical complication. 

(4) The overall efficiency of the turbofan propulsion s y stem is 
about the same as that of the most efficient reciprocating en-
gines ever designed for aircraft use. The turbofan engine at-
tains this efficiency at a higher speed than that which is ap-
propriate for reciprocating engines. 
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(5) The turbofan engine is more reliable than the reciprocating 
engine and can be operated many thousands of hours with-
out major maintenance work. 

These five basic reasons explain why the turbojet and turbofan 
propulsion systems have caused a revolution in aircraft design and in 
our concepts of the way in which aircraft may be effectively used. 

Afterbu ruing Engines 

Many military aircraft have need for a large, short-time increase in 
thrust to be used in such operations as takeoff, climb, acceleration, and 
combat maneuvers. The afterburning engine provides the answer to 
this need. In this engine, additional fuel is injected directly into the 
engine exhaust and burned in the tail pipe. Thrust increases of 50 to 
80 percent are achievable by this means in modern engines, but at a 
large increase in fuel consumption. Afterburner operation is feasible 
because a jet engine operates at a "lean" fuel-to-air ratio to limit tem-
peratures in the hot, rotating parts of the engine to values consistent 
with the high-temperature limitations of the materials with which these 
parts are constructed. Thus, the turbine exhaust contains the excess 
oxygen necessary for afterburner operation. 

Shown in figure 10.3 are sketches (based on ref. 133) of hypotheti-
cal turbojet and turbofan engines equipped with afterburners. The ro-
tating elements of these engines are not unlike those of the nonafter-
burning t ypes shown in figure 10.1. The long afterburner duct, fuel 
spray bars, flame holders, and adjustable nozzle distinguish the after-
burning engine from its nonafterburning counterpart. Fuel is injected 
into the exhaust of the rotating part of the engine b y the fuel spray 
bars, and the flame holders stabilize the flame and prevent it from 
being blown out the end of the tailpipe. To obtain maximum thrust 
from the engine in both afterburning and nonafterburning operation, 
an adjustable exhaust nozzle is necessary . A nozzle of continuously 
vary ing size and shape would be desirable to maximize performance at 
all flight and engine-operating conditions. In actual practice, however, 
a two- or three-position nozzle is usuall y employed to reduce mechani-
cal complication. 

In the turbofan engine shown in figure 10.3(b), afterburning takes 
place in a mixture of the primary exhaust air and the fan bypass air. In 
a variation of this design, called the duct-burning turbofan, the spray 
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Figure 10.3 - Two types of afterburning jet propulsion system. 

bars and flame holders are located in the fan duct, and all the after-
burning takes place in the bypass air. The bypass ratios emplo yed on 
afterburning fan engines are usually in the order of 2, much less than is 
common practice on modern nonafterburning engines for transport air-
craft, because afterburning fans are usually found on militar y aircraft 
designed to penetrate the transonic and low-supersonic speed ranges. 
When performance requirements encompass these speed ranges, as 
well as subsonic flight under various conditions, a low bypass ratio be-
comes the best compromise. 

The afterburner provides a light and mechanically simple means 
for achieving a large boost in thrust. Fuel consumption with afterhurn-
ing is large, however, as is engine noise. This latter characteristic is 
particularly troublesome when afterburning is used for takeoff and ini-
tial climb. Afterburning is generally not used in cruising flight except 
for aircraft and engines specificall y designed for long-range supersonic 
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flight. The Anglo-French Concord supersonic transport and the Ameri-
can Lockheed SR-71 supersonic reconnaissance aircraft fall into this 
latter category. 

Thrust Reversers 

The amount of force required to stop an aircraft in a given dis-
tance after touchdown increases with the gross weight of the aircraft 
and the square of the landing speed. The size of modern transport air-
craft and the speed at which they land makes the use of wheel brakes 
alone unsatisfactory for routine operations. Most propeller-driven 
transports produced since World War II employ reversible-pitch pro-
pellers to assist in stopping the aircraft on the landing rollout. 

The advent of the turbojet and turbofan t ypes of propulsion 
s ystem required the development of new concepts for augmenting the 
stopping power provided by the brakes. Some military aircraft deploy 
one or more parachutes after touchdown as shown in figure 10.4. The 
aerodynamic drag of the parachutes provides the additional stopping 
force to augment the brakes. Following each landing, the parachutes 
must be detached from the aircraft and repacked. The use of these de-
vices for deceleration is not an attractive alternative for any type of 
routine operations and, b y Western standards, is completel y unaccept-
able for commercial airline operations. In contrast, a number of Soviet 
transport aircraft, including early versions of the Tupelov Tu-134 twin-
jet transport, were equipped with braking parachutes. Another drag-
producing method of assisting aircraft deceleration consists of deploy-

Figure 10.4 - .Vorth Amencan XB-70 with three drag chutes deployed. [mfr via

Martin Copp]
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ing wing spoilers after the aircraft is on the runwa y . This technique is 
routinely used on many jet-powered transports. (See the section on 
high-lift systems at the end of this chapter.) 

To augment the wheel brakes and aerod ynamic drag in decelerat-
ing the aircraft, the engines of turbojet- and turbofan-powered trans-
port aircraft are equipped with some form of diverter that, when acti-
vated, reverses the thrust and thus provides a powerful stopping force. 
A schematic drawing of a possible thrust reverser for a high-bypass-
ratio turbofan engine is shown in figure 10.5. (See ref. 133.) Both the 
fan exhaust and the hot exhaust from the gas generator are reversed in 
the design shown. The elements of the reverser are cascades and clam 

open 

(a) Reverse thrust configuration

Figure 10.5 - Thrust reverser for turbofan engine. 
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shells. A cascade is an array of closely spaced, highly cambered airfoils 
and is used for changing the direction of airflow; it may also be 
thought of like the blades of a compressor of constant chord laid out 
parallel to each other rather than radially about a single axis. the clam 
shell closes the exhaust nozzle and diverts the gas flow outward and 
forward. 

The engine is shown in the reverse and forward thrust configura-
tions in figures 10.5(a) and 10.5(b), respectively. The fan exhaust is re-
versed by opening the forward cascade so that the impinging exhaust is 
turned by the blades in the cascade into the forward direction. In the 
reverse configuration, the exhaust from the hot gas generator strikes 
the closed clam shell doors and is diverted forward and outward 
through circumferential openings in the engine nacelle. Fixed cascades 
are installed in these openings and aid in turning the exhaust gas for-
ward. In the forward thrust configuration, the stowed clam shell closes 
the cascade and thus prevents leakage of exhaust gases. The front cas-
cade in the forward thrust configuration is closed on the inside so that 
the fan exhaust cannot pass through it. 

Most thrust reversers employ either or both cascades and clam 
shells in various configurations depending upon the design of the 
engine, the bypass ratio, and the type of nacelle in which the engine is 
mounted. In order to prevent ingestion of hot gases or debris into the 
engine inlet, the thrust reversers are usually not operated below some 
minimum speed. This minimum speed depends on the design of the 
aircraft and engine and their integration; 70 miles per hour is a typical 
value of the minimum speed for operation of the thrust reverser. Al-
though the primary use of the thrust reverser is to shorten the landing 
distance, reverse thrust is also employed in flight on some aircraft. In 
this application, reverse thrust is used when a very rapid, steep descent 
is required to follow a desired flight profile. 

Engine Noise 
The preceding paragraphs outline the many advantages of jet pro-

pulsion systems. A major disadvantage is the noise problem encoun-
tered with these types of propulsion s ystems applied to commercial 
transport aircraft. The high noise levels of the propulsion system must 
he considered in relation to the design of the cabin of the aircraft and 
to the environment external to the aircraft in the vicinity of the airport. 
The use of light, effective soundproofing material in the cabin has re-
suited in interior noise levels that are acceptably low without excessive 
weight penalty.
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The primary impact of the high noise levels associated with jet 
propulsion systems has been felt by people living in communities stir-
rounding airports from which jet-powered transport aircraft operate. 
Not only were the earlyjet transports noisier than contemporar y air- 
craft powered with reciprocating engines, but the increased airline traf-
fic that resulted from the widespread adoption of the jet transport re-
sulted in an increased frequenc y of aircraft operations at most major 
airports. 

The noise problem became so severe and the associated pressure 
on the U.S. Congress so great that part 36 of the Federal Air Regula-
tions was formulated and became law on December 1, 1969. These reg-
ulations specify certain noise levels that must not be exceeded by new 
aircraft certified after that date. The regulation further states that all 
aircraft operated in the United States must compl y with the regulations 
afterJanuary 1, 1985. 

The present certification process for transport aircraft involves ex-
perimental measurements of aircraft noise tinder controlled conditions. 
The noise level is measured at specified positions under the approach 
and climb paths of the aircraft and at a specified position to the side of 
the runway. The allowable noise levels vary to some extent with the 
gross weight of the aircraft and thus reflect what is technically possible 
and realistic. Lower allowable noise levels will no doubt be specified at 
some future time to reflect advancements in the state of the art. 

Aircraft noise reduction has been the subject of intensive research 
and development for the past two decades. The aircraft and engine 
manufacturing companies as well as various government research and 
regulatory organizations have been involved in this work. As a result, 
much has been learned about methods of noise reduction, and consid-
erable literature exists on the subject. 

Four approaches have been followed in the various studies aimed 
toward reducing aircraft noise. First, much work has been directed 
toward obtaining an understanding of the basic noise generation and 
propagation process. Second, new concepts in engine design have been 
developed to reduce the amount of noise generated at the source. 
Third, methods for suppressing and absorbing a portion of the noise 
emanating from the engine have been found. Fourth, aircraft oper-
ational techniques have been devised for minimizing noise impact on 
communities surrounding the airport. 

The early jet transports were powered with turbojet-type engines. 
The hot, high-velocit y exhaust is the primary source of noise in this 
type of propulsion system. The amount of energ y in the exhaust that is 
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transformed into noise varies as approximatel y the eighth power of the 
exhaust velocity, and the noise-frequenc y spectrum is related to the cir-
ctimfirence of the exhaust jet. The relative amount of noise energy in 
the lower frequencies increases as the circumference of the jet in-
creases. Many of the early noise suppressors emplo yed on turbojet pro-
pulsion systems were based on the concept of effectively breaking the 
large exhaust jet into a number of small jets SO that the relative amount 
of noise at the lower frequencies is reduced. The amount of attenu-
ation that accompanies transmission of the noise through the atmos-
phere increases as the noise frequencies increase. Thus, by breaking up 
a large jet into a number of small jets, the amount of energy transmit-
ted as noise over a given distance is reduced. The noise suppressors 
shown in figures 10.6(a) and (b) are based on the principle just de-
scribed. 

Another type of noise suppressor proposed for the earl y turbojet-
powered transports is shown in figure 10.6(c). The ejector-t ype sup-
pressor entrains free-stream air, which is then mixed with the high-ve-
locity exhaust. The velocity of the resulting mixed exhaust is therefore 
lower than that of the free exhaust of the engine alone, and the noise is 
accordingly reduced at the source. 

A great deal of information has accumulated on the manner in 
which the various components of the engine should be designed so as 
to reduce the noise generated b y the engine. The turbofan engine and 
the beneficial effects of increasing the b ypass ratio on the propulsive 
efficiency have been discussed earlier. The advent of the turbofan type 
of propulsion s ystem had an important effect on the nature of the air-
craft noise problem. The extraction of energy from the gas generator 
for the purpose of driving a fan in a high-b ypass-ratio engine would be 
expected to reduce the noise of the fan engine as compared with a tur-
bojet for the same thrust level. The fan itself, however, was found to 
constitute a new and highl y disturbing source of noise. Studies of the 
relativel y low-bypass-ratio, first-generation fan engines showed that the 
noise that was propagated from the inlet and the fan discharge ducts 
was greater than that associated with the high-velocit y exhaust from the 
gas generator. 

The noise associated with the fan can be greatly reduced by proper 
detail design of the fan and by the use of acoustic treatment in certain 
key areas of the inlet and fan discharge ducts. Acoustic treatment con-
sists in the application of sound absorbing material to the interior pas-
sages of the nacelle, as shown in figures 10.7(a) and (b) for short and 

237



QUEST FOR PERFORMANCE

(a) Corrugated-perimeter-type 
noise suppressor 

(b) Multiple-tube-type noise 
suppressor 

(c) Ejector-type noise 
suppressor 

Figure 10.6 - Three types ofjet noise suppressor. 

long fan duct installations. (Figure 10.7 was taken from reference 185, 
which contains a comprehensive summary of basic information dealing 
with acoustic treatment for noise suppression.) An experimental appli-
cation of acoustic treatment to the nacelle of a first-generation, low-
bypass-ratio turbofan engine is shown in figure 10.8. Most modern 
high-bypass-ratio engines employ some form of acoustic treatment. 
The splitter rings shown in figure 10.7 have not been used in any pro-
duction installations for a number of practical operational reasons, 
such as possible difficulties in deicing and the possibilit y of the rings 
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Figure 10.7 - Examples of acoustic treatment to short and long fan duct nacelles.

(Heavy lines indicate acoustic treatment.) 

being broken by foreign object ingestion with subsequent damage to 
the rotating parts of the engine. 

The development of operational techniques for noise abatement 
will not be dealt with here other than to indicate that these techniques 
usually involve (1) selected routing into and out of the airport in order 
to avoid flight over certain heavil y populated areas and (2) the use of 
power reductions and reduced climb angles on certain segments of the 
climb following takeoff. 

Air Inlets 
The tremendous amount of power that can be extracted from a 

single, modern turhopropulsion system has already been discussed. To 
generate this power with maximum efficiency, the large quantities of 
propulsion-system air must be delivered to the engine face with mini-
mum aerodynamic loss, turbulence, and flow distortion. High cfliciencv 
must be maintained for different engine-operating conditions, different 
aircraft speeds and altitudes, and for a wide spectrum of angles of 
attack and sideslip. As one example, a jet transport must inhale air effi-
ciently in the near static condition at the beginning of takeoff roll, in 
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the relativel y low-speed, high-power climb condition, and in high-
speed, high-altitude cruise flight At all flight conditions, the propul-
sion-svstem air must he decelerated to it low-speed, high-pressure state 
at the engine compressor face. The detail design of the air intake and 
internal flow s ystem determines the efficiency with which the air is de-
livered to the propulsion s ystem. In this case, the efficienc y is defined 
as the ratio, expressed in percent, of the average total pressure of the 
air entering the engine to that of the free-stream air. The total pressure 
is the sum of the static, or ambient, pressure of the air and the impact 
pressure associated with its motion. Modern jet transports may cruise 
with values of the pressure recovery, that is efficienc y , of 97 to 98 per-
cent. Supersonic aircraft with well-designed, practical inlet and internal 
flow s ystems inay have pressure recoveries of 85 percent or more for 
Mach numbers in the 2.0 to 2.5 range. 

The demanding requirements for high inlet and internal-flow-
s ystem efficiency stimulated a large amount of research, development, 
and engineering effort in the years following the end of World War II. 
Fortunatel y , this effort could be based on a solid foundation of earlier 
work on such things as cowlings and radiator SCOOPS for piston en-
gines. Inlet activit y intensified as aircraft penetrated the transonic and 
supersonic speed ranges, and the field of inlet and internal flow system 
design soon became a well-recognized engineering specialty. Especially 
in modern fighters that may have thrust-to-weight ratios in the order of 
1, the inlet and its integration with the airframe exert a powerful influ-
ence on the overall aircraft design. The aim in engine-airframe integra-
tion is to minimize airplane drag, weight, and complexit y and to maxi-
mize propulsion-s ystem efficiency while, at the same time, ensuring that 
the aircraft mission requirements have not been compromised .A de-
tailed discussion of the man y facets of inlet design is beyond the scope 
of the present discussion; however, a few examples of inlets that have 
been used on civil and militar y aircraft are illustrated and described in 
the Following paragraphs. 

Alread y shown in the discussion of aircraft noise is an inlet typical 
of those currentl y emplo yed on modern subsonic transport and strate-
gic bomber aircraft. The splitter rings in the inlet shown in figure 10.8 
are part of an experimental installation, which, as mentioned, are not 
used on production aircraft. The open nose inlet shown is simple, is 
light in weight, and when used with a pod-mounted engine, has a 
short, low-loss duct connecting the engine to the inlet. High-pressure 
recoveries that are relativel y insensitive to normal variations in angle of 
attack and sideslip are possible with this type of inlet. 
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Figure 10.8 - .VISA experimental treated nacelle mounted on McDonnell Douglas DC-8 

airplane. [NASA] 

In contrast to the pod-type mounting found on so mans' multien-
gine transport aircraft, most lighters have one or, at the most, two en-
gines situated inside the fuselage. A variety of inlet locations and de-
signs have been employed to supply air to the propulsion system on 
these aircraft. Each of these arrangements have both advantages and 
disadvantages. Four typical installations emplo y ed on fighter aircraft 
are illustrated in figure 10.9. These do not by any means constitute all 
the successful configurations that have been employed on such aircraft 
over the years. Most installations, however, are variants of those shown. 

The simple nose inlet employed on the North American F-86 
lighter is illustrated in figure 10.9(a). As indicated previousl y , this type 
of installation enjoys good characteristics through a wide range of 
angle of attack and sideslip and, when located in the front of the fuse-
lage as contrasted with a pod, is free from aerodynamic interference ef-
fects—such as flow separation—from other parts of the aircraft. The 
long internal duct leading from the inlet to the engine, however, tends 
to have relatively high pressure losses. In addition, interference be-
tween the duct and the pilot's cockpit may be encountered. In some 
designs, the duct passes under the cockpit; in others, it is split and 
passes around the cockpit on either side of the pilot. Perhaps the larg-
est drawback of the nose inlet, however, is that neither guns nor radar 
can he mounted in the front of the fuselage. A nose inlet has not been 
used on a new fighter in the United States since the early 1950's.
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The chin inlet employed on the F-8 airplane shown in figure 
10.9(b) has man y of the advantages of the simple nose inlet but leaves 
space in the front of the fuselage for radar or guns and has a somewhat 
shorter internal duct. Care should be taken in such a design to ensure 
that at no important flight condition does separated or unstead y flow 
enter the inlet from the nose of the aircraft. The proximity of the inlet 
to the ground introduces a possible risk of foreign object inges-
tion, and, obviously, the nose wheel must be located behind the inlet. 
The chin inlet, however, is a good choice for some applications and 
is employed on one new contemporary aircraft (the General Dynamics 
F- 16). 

Shown in figure 10.9(c) is the wing-root inlet installation employed 
on the McDonnell F-b! fighter. Inlets located in this manner offer 
several advantages. Among these are short, light, internal flow ducts, 
avoidance of fuselage boundary-layer air ingestion, and freedom to 
mount guns and radar in the nose of the aircraft. Further, no interfer-
ence between the cockpit and internal ducting is encountered in this 
arrangement. The short, curved internal ducts, however, require care-
flil design to avoid flow separation and associated losses, and the inlet-
wing integration must be accomplished in such a wa y that neither the 
function of the wing nor the inlet is compromised. Wing-root inlets 
were used on a number of aircraft in the first decade of the jet fighter, 
but such inlets are not suitable for modern fighters of high thrust-to-
weight ratio because of the large-size inlets required by these aircraft 
and the diffiCUlty of integrating them with the wing. 

Side-mounted inlets as used on the Grumman Fl IF are illustrated 
in figure 10.9(d). Used on both single- and twin-engine fighters, the 
side-mounted inlet arrangement probably offers the best compromise 
of all the conflicting aerodynamic, structural, weight, and space re-
quirements, and it is used on many modern combat aircraft. Great 
flexibilit y in inlet size, shape, vertical position, and fore and aft location 
is offered by the side-mounted installation. Although the F11F is a 
design of the 1950's, side-mounted inlets are used on many fighters of 
the 1970's and 1980's, as described in chapter 11. Before leaving the 
discussion of figure 10.9(d), it should be noted that the boundary-layer 
diverter plates are located so as to prevent ingestion b y the inlets of 
the fuselage boundary-layer air. Such boundary-layer diverters are a 
feature, really a complication, of all fuselage-mounted inlets. 

The inlets just described are of the fixed-geometry type; that is, 
they do not change shape or size as the aircraft speed varies. Fixed-
geometry inlets are suitable for aircraft designed to operate at subsonic 
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Figure 10.9 - Four inlet locations used on jet-powered fighter aircraft. [NASA]
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and low supersonic speeds. For flight at Mach numbers much beyond 
1 .6, however, variable-geometry features must be incorporated in the 
inlet if acceptably high inlet pressure recoveries together with low ex-
ternal drag are to be achieved. This complication is dictated by the 
phy sical laws governing the flow of air at supersonic speeds. The 
nature of supersonic flows is not discussed here, but two variable-ge-
ometry inlets are illustrated in figure 10.10. Shown at the top in figure 
10.10(a) is the D-type side inlet used on the McDonnell Douglas F-4 
fighter. Evident in the photograph are the large fixed diverter plates 
that also serve to begin compression of the entering flow. The adjusta-
ble ramps provide further compression along with the desired variation 
of throat area with Mach number. The angle of the ramps varies auto-
matically in a prescribed manner as the Mach number changes. 

The quarter-round inlet equipped with a translating centerbodyor 
spike, as used on the General Dynamics F- li! airplane, is illustrated in 
figure 10.10(b). The inlet is seen to be bounded on the top by the wing 
and on one side by the fuselage. An installation of this type is often 
referred to as an "armpit" inlet. The spike automaticall y translates fore 
and aft as the Mach number changes. Although not evident in the pho-
tograph, the throat area of the inlet also varies with Mach number. 
This is accomplished b y expansion and contraction of the rear part of 
the spike. The diverter for bypassing the fuselage boundary air is also 
shown in the photograph. The cover over the inlet is to prevent for-
eign objects from entering the propulsion system while the aircraft is 
parked on the ground, and, of course, is removed before flight. 

The design of inlet systems for supersonic aircraft is a highl y com-
plex matter involving engineering trade-offs between efficiency, com-
plexity, weight, and cost. Some of the factors involved in supersonic 
inlet design are discussed in references 157 and 179, and the problems 
of engine-airframe integration on supersonic aircraft are summarized 
well in reference 180. The highly important problem of selecting and 
integrating the variable-geometry nozzle of afterburning engines is 
beyond the scope of the present discussion but is also included in the 
material presented in reference 180. 

Historical Note 

This discussion of turbojet and turbofan engines concludes with a 
few comments on the origins of the propulsion systems. Although ro-
tating turbines and compressors had been in use for various purposes 
for many years, the idea of coupling the two components, with burners 
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Figure 10.10— Tu'o types of variable-geometry inlet. [(a) Arthur L. Shoeni via

AAHS; (b) George E. Gillburg via AAHS] 

in between, and utilizing the resultant turbine efflux to propel an air-
craft was uniquely that of two men working independently with no 
knowledge of the other's work. These men were Frank Whittle in Eng-
land and Hans Joachim Pabst von Main in Germany. 

Simple as the basic idea was, translation of the turbojet concept 
into a useful aircraft propulsion s y stem presented formidable problems 
that required technical innovation and engineering of the highest 
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order. Among the many problems were the design of turbines and 
compressors of sufficientl y high efficiency and the proper matching of 
these components. If the efficienc y of these units was not sufficiently 
high, the turbine would drive the compressor but have a low velocity 
exhaust incapable of producing useful thrust. Compressor and turbine 
efficiencies higher than those of other applications of these compo-
nents were necessary to produce a usable jet engine. 

An y aircraft engine of merit must be light in weight. Satisfaction of 
this requirement with materials of sufficient strength to withstand, for a 
protracted length of time, the high-temperature, high-stress environ-
ment of the hot rotating parts of the engine was a major problem in 
early jet engines - and remains with us today as engine temperatures 
continue to rise in the never-ending quest for increased efficiency. Fi-
nally, there remained the myriad detail design problems, such as bear-
ings, lubrication, clearances, methods of fabrication and joining, and so 
on, that must be solved in any new t ype of machine. Yet, all these 
problems were overcome in a rudimentary way in the late 1930's and 
early 1940's, and useful turbojet engines were first produced in this 
time period. An exhaustive history of turbojet development, beginning 
with the water wheel, is given in reference 151. Interesting accounts of 
the early gestation of the turbojet engine are presented in separate 
papers b y Whittle and von Ohain in reference 140. 

Air Commodore Sir Frank Whittle (ret.) is often regarded as the 
father of modern jet propulsion systems. As a young officer in the Brit-
ish Royal Air Force, he became interested in advanced forms of aircraft 
propulsion. He tried without success to obtain official support for study 
and development of his ideas but persisted on his own initiative and 
received his first patent on jet propulsion in January 1930. With private 
financial support, he began construction of his first engine in 1935. 
This engine, which had a single-stage centrifugal compressor coupled 
to a single-stage turbine, was successfully bench tested in April 1937; it 
was only a laboratory test rig, never intended for use in an aircraft, but 
it did demonstrate the feasibility of the turbojet concept. 

The firm of Power Jets Ltd., with which Whittle was associated, re-
ceived its first official support in 1938. It received a contract for a 
Whittle engine, known as the Wi, on July 7, 1939. This engine was in-
tended to power a small experimental aircraft. In February 1940, the 
Gloster Aircraft Company was chosen to develop the aircraft to be 
powered by the WI engine. The vehicle, which would be known today 
as a research aircraft, was covered by specification E28/39 and is 
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frequently referred to by this designation. It was also known as the 
Pioneer. 

The aircraft that emerged from the Gloster factory in 1941 was a 
small, single-place, low-wing monoplane equipped with a retractable 
tricycle landing gear. Air for the engine was supplied by a bifurcated 
nose inlet that passed the intake air around the pilot in separate ducts 
to the engine located in the rear of the fuselage. The E28/39, which 
was designed b y George Carter of the Gloster Company, weighed 3440 
pounds, had a wing span of 29 feet, and was capable of a speed of 
about 340 miles per hour. The Wi engine installed in the aircraft de-
veloped 860 pounds of thrust. 

The historic first flight of the Pioneer took place on May 15, 1941, 
with Flight Lieutenant P. E. G. Sayer as pilot. The aircraft was used for 
a number of years in the exploration of the problems of flight with jet 
propulsion and was finally placed in the Science Museum in London in 
1946. A brief but interesting account of the development of the 
E28/39 and its Whittle W  engine, together with a detailed discussion 
of the first British operational lighter, is given in reference 188. 

Great Britain was not the only European nation to show an interest 
in jet propulsion prior to 1940. The German aircraft manufacturer 
Ernst Heinkel was searching for new concepts in aircraft propulsion in 
the mid-1930's. His interest was stimulated when he heard that a young 
scientist at Goettingen University, Hans Joachim Pabst von Ohain, was 
investigating a new type of aircraft engine that did not require a pro-
peller. Ohain joined Heinkel in 1936 and continued with the develop-
ment of his concepts of jet propulsion (ref. 165). A successful bench 
test of one of his engines was accomplished in September 1937. To 
avoid the combustor development problems associated with the use of 
liquid fuel, gaseous hydrogen was employed in this early test demon-
stration. Later engines used liquid petroleum fuels. 

A small aircraft was designed and constructed by Ernst Heinkel to 
serve as a test bed for the new type of propulsion system. The aircraft, 
designated the He178, was a shoulder-wing monoplane in which the 
pilot's enclosed cockpit was placed ahead of the wing and the conven-
tional landing gear (tail-wheel-type) retracted into the side of the fuse-
lage. The air for the 1000-pound thrust engine was supplied by an inlet 
located in the nose of the fuselage. The fuselage was constructed of 
metal, and the internally braced wing was made of wood. The wing 
span of the aircraft was 26 feet, 3 inches; the length was 24 feet, 6 
inches; and the area of the wing was 85 square feet. The aircraft 
weighed about 4000 pounds; and although the maximum speed 

247



QUEST FOR PERFORMANCE 

achieved with the aircraft is not known, the anticipated maximum speed 
was 527 miles per hour according to reference 201. 

The Heinkel He178 flew for the first time on August 27, 1939, 
almost 2 years before the first flight of the British Gloster E28/39. The 
pilot on this historic first flight of a jet-powered airplane was Flight 
Captain Erich Warsitz. Little official interest was shown at this time b 
the German Government in the new form of propulsion system demon-
strated by the He178, and the aircraft was actually flown only a few 
times before being retired to the Berlin Air Museum. The aircraft was 
destroyed during an Allied air raid in 1943. Later jet aircraft develop-
ments in Germany during World War II are described in references 
160 and 201. 

Wings and Configurations for High-Speed Flight 
The revolutionary new jet propulsion systems that had their begin-

nings in the 1940's are briefly described above. The potential for high 
speed offered by these systems, however, could in no way be realized 
by typical aircraft designs of the World War II era. High-speed aircraft 
of this period were usually characterized by straight wings having thick-
ness ratios in the range from 14 to 18 percent. (The wing thickness 
ratio, expressed in percent, is defined as the thickness of the wing di-
vided by its chord.) The aerodynamic design of such aircraft could, to a 
first approximation, be thought of in terms of the linear addition of 
various elements of the aircraft. For example, the drag of the wing, fu-
selage, and tail, measured separately, could be added together with 
only minimum consideration of interference effects to obtain the drag 
of the entire aircraft. As jet propulsion opened the prospects of flight 
in the high-subsonic, transonic, and supersonic flight regimes, however, 
these and other time-honored tenets of airplane design were to under-
go radical change. The classic shape of the airplane of the 1940's had 
to be fundamentally altered to permit efficient and safe operation in 
these new speed ranges. Some of the new configuration concepts for 
high-speed flight are discussed below. 

Swept Wings 
The critical Mach number of a wing is the flight Mach number of 

the aircraft at which the local Mach number at some point of the wing 
becomes 1.0. At a Mach number slightl y in excess of this critical value, 
shock waves form on the wing, and further increases in speed cause 
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large changes in the forces, moments, and pressures on the wing. The 
effects on the lift and drag characteristics of increasing the Mach 
number beyond the critical value are briefly discussed and illustrated in 
chapter 5. Subsonic aircraft usually do not cruise at Mach numbers 
much beyond the critical value. For supersonic flight, however, the air-
craft must have sufficient power to overcome the high drag in the tran-
sonic speed range and be capable of controlled flight through this ca-
pricious Mach number range. 

For many years, reducing the airfoil thickness ratio was the only 
known method of increasing the wing critical Mach number by any sig-
nificant amount (ref. 139). Then in 1945, Robert T. Jones of NACA 
offered a fundamental breakthrough when he proposed the use of wing 
sweep as a means for increasing the critical Mach number (ref. 172). 
The use of wing sweep to increase the efficienc y of aircraft intended 
for flight at supersonic speed was first suggested by Busemann in 1935 
(ref. 142); the effectiveness of wing sweep as a means for increasing the 
critical Mach number had been recognized in Germany before 1945 
(ref. 143), but this work was unknown in the United States until after 
World War II. 

The way in which sweepback increases the critical Mach number is 
illustrated in figure 10.11. If the swept wing is of infinite aspect ratio, 
the critical Mach number is related to that of the corresponding un-
swept wing as follows:

Mcr,A	 1 

Mcr.A	 cos A 

where A is the wing sweep angle, MrA is the critical Mach number of 
the unswept wing, Mcr,A is the critical Mach number of the swept wing, 
and the airfoil thickness ratio normal to the leading edge, or other ap-
propriate spanwise element, remains constant as the wing is rotated to 
different angles of sweepback. This relationship is based on the as-
sumption that the critical Mach number of the wing is controlled only 
by the flow normal to the leading edge and is independent of the Mach 
number parallel to the leading edge. Thus, the free-stream Mach 
number, that is, the flight Mach number of the aircraft, is resolved into 
components normal and parallel to the leading edge of the wing. The 
assumption of independence of the two components of the stream 
Mach number is strictl y true only for invisid flow, but the assumption 
works reasonably well in predicting the effect of sweep on the critical 
Mach number of wings operating in real flows with viscosity.
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0 

Figure 10.11 - Sueptback wing showing resolution of stream velocity into components 

normal and parallel to leading edge. 

The effect of sweepback on the critical Mach number of finite 
wings is usually analyzed in terms of a wing of given aspect ratio and 
airfoil thickness ratio in the free-stream direction. The airfoil thickness 
ratio normal to the leading edge varies, in this case, as the wing sweep-
back angle is changed. For this reason, and because the flow at the 
wing root and tip cannot conform to the simple resolution of compo-
nents normal and parallel to the leading edge, the simple cosine rela-
tionship overestimates the magnitude of the effect of sweephack on the 
critical Mach number. The swept wing, however, must be regarded as a 
cornerstone of the aerodynamic design of modern high-subsonic-speed 
jet airplanes. As compared with a straight wing, the swept wing offers 
significant increases in cruising Mach number and, at the same time, 
permits the use of wings of sufficient thickness to allow aspect ratios 
high enough for good values of the maximum lift-drag ratio. The 
aspect ratio, sweep angle, airfoil thickness ratio, and wing weight neces-
sary for adequate wing strength and stiffness are all related and require 
a complex series of trade-off studies to arrive at an optimum design for 
a given set of requirements. The internal volume required for fuel stor-
age and landing-gear retraction also forms an important part of these 
trade-off studies. 

Early jet fighters capable of flight at high-subsonic Mach numbers 
Profited greatly from the use of'-wing sweephack. A number of such air-
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craft were developed in the late 1940's and early 1950's. Perhaps the 
best known of these was the North American F-86 Sabre (described in 
chapter 11). Only a few years after the end of World War II, however, 
competitive pressures underlined the need for fighter aircraft capable 
of flight at transonic and low-supersonic speeds. Efficient flight at these 
speeds required the use of afterburning jet engines, new configuration 
concepts, and much reliable aerodynamic design data. 

The difficulties encountered in the use of conventional wind tun-
nels for aerodynamic tests near a Mach number of 1.0 are briefly de-
scribed in chapter 5. To overcome these difficulties, several alternatives 
to the wind tunnel were utilized for aerodynamic studies in the last half 
of the 1940's. These alternative techniques included the free fall, or 
drop body, and the rocket-model methods. In the free-fall technique, 
test wings were mounted on a heavily weighted, streamlined body that 
was dropped from an airplane at altitudes as high as 40 000 feet. With 
radio transmission of measurements made with internal balances and 
ground tracking by radar, the forces and moments acting on the wing 
could be deduced as the test body passed through the transonic speed 
range. A variation on this technique that offered the potential for 
higher speeds and longer test times was the rocket-boosted model 
launched from the ground. 

Two other techniques, entirely different from those just described, 
were used for aerodynamic studies at transonic speeds. In one of these, 
called the wing-flow technique, a small wing model was mounted per-
pendicular to the top surface of the wing of a high-speed fighter air-
craft. As the aircraft Mach number approached its critical value, tran-
sonic speeds developed on top of the wing to which the model was 
mounted. Forces and moments as measured by a small balance in the 
airplane wing were then recorded. In a variation of this technique, 
known as the transonic bump, the small test model was attached 
normal to a streamlined bump mounted on the floor of a conventional 
high-subsonic-speed wind tunnel. The high induced velocities over the 
top of the bump, as on an airplane wing, provided the desired tran-
sonic test environment. Several of these techniques are discussed in 
reference 159. 

Although useful as temporary measures, the wind-tunnel alterna-
tives just discussed were time consuming, lacked test flexibility and 
controllabilit y , and, in some cases, provided results of doubtful quanti-
tative validity. The slotted-throat transonic wind tunnel developed at 
the NACA's Langley laboratory provided a new dimension in transonic 
testing. The 8-foot tunnel at Langley was modified with slots and put 
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into operation in 1950 (ref. 138). In this facility, controlled study of 
large-size models could be made under a variety of test conditions and 
at Mach numbers that could be varied continuously through the tran-
sonic speed range. With the use of facilities such as the 8-foot tunnel, 
new ideas and the supporting engineering data needed for the develop-
ment of transonic aircraft began to emerge. 

The effectiveness of wing sweep as a means for increasing the criti-
cal Mach number of subsonic aircraft has already been discussed. Data 
obtained from the new facilities showed that wing sweep and airfoil 
thickness ratio also played a key role in establishing the drag level at 
transonic speeds. These effects are clearly shown in figure 10.12, which 
is based on information contained in reference 154. Figure 10.12(a) 
shows the minimum drag coefficient for a wing with 47° sweepback 
plotted as a function of Mach number for airfoil thickness ratios of 9, 6, 
and 4 percent. The dramatic reduction in drag coefficient at Mach 
numbers in excess of 1.0 as the airfoil thickness ratio is reduced from 9 
to 4 percent is obvious. The variation of minimum drag coefficient is 
shown in figure 10.12(b) for a 4-percent-thick wing having sweepback 
angles of 11°, 350, and 47°. Increasing the sweep angle for a wing of 
given thickness ratio also reduces significantly the drag level at speeds 
above Mach 1.0. Clearly, the message portrayed in figure 10.12 is that 
the wings of aircraft designed to penetrate into the low-supersonic 
speed range should be thin and swept. These purely aerodynamic con-
siderations for choosing a wing of low drag do not necessarily result in 
an optimum wing for a given airplane. Again, as in the case of subsonic 
aircraft, detailed trade-off studies between the various wing geometric/ 
aerodynamic characteristics and wing strength, weight, and stiffness 
must be made. Because of the requirements for very thin airfoil sec-
tions, these trade-offs almost inevitably lead to wings of low aspect 
ratio on fighter aircraft designed to penetrate the transonic and low-
supersonic speed regimes. As compared with aspect ratios of 7 to 8 
commonly found on subsonic jet transports, values as low as 2 to 3 are 
not unusual on fighter aircraft. 

The wings illustrated in figures 10.11 and 10.12 are swept back, as 
are most of the wings seen on operational aircraft. But, according to 
the simple theory in which the streamwise velocity is resolved into com-
ponents normal and parallel to the leading edge of the wing, the wing 
could just as well be swept forward. The experimental Junkers Ju 287-1, 
built in Germany during World War II and described in reference 201, 
had sweptforward wings, and one of the business jet transports described 
in chapter 14 also incorporates wings with forward sweep. 
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Sweep angle measured at quarter-chord line 

A=11°	 A.=35°	 A=47° 

(a) A = 470	 (b) t/c = 4 percent 

Figure 10.12 - Conceptual effect of wing sweep back angle and airfoil-section thickness 

ratio on variation of wing drag coefficient with Mach number. 

Sweptforward wings, however, have a fundamental aeroelastic 
problem that has mitigated against their use. Simply stated, an increase 
in load on the wing twists the outer portions of the sweptforward wing 
to higher angles of attack. When the dynamic pressure reaches a critical 
value, the increment in aerodynamic twisting moment associated with 
an incremental change in angle of attack is equal to the corresponding 
incremental change in torsional resisting moment provided by the 
structure. Any further increase in dynamic pressure will result in the 
wing twisting off the aircraft. The critical condition at which this cata-
strophic failure occurs is termed the divergence speed, or divergence 
dynamic pressure. Structural studies of wings constructed of conven-
tional metal alloys have shown that a sweptforward wing of a given 
aspect ratio will be heavier than a sweptback wing of the same aspect 
ratio and sweep angle. The additional weight results from the increased 
torsional stiffness required to prevent divergence within the flight en-
velope of the aircraft. The advent of composite materials, however, 
seems to offer the possibility of constructing sweptforward wings with 
little or no weight penalty (ref. 166). A number of studies of the possi-
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ble advantages of such wings on fighter aircraft have been made, and a 
research-type fighter with sweptforward wings is now (1982) under 
development. 

Delta Wings 

A variation on the swept wing theme is the delta wing first pro-
posed by the German aerodynamicist Alexander Lippisch in the years 
prior to World War II (ref. 175). This wing derives its name from the 
Greek letter A, which describes the planform shape. Sweep of the lead-
ing edge varies with the application but usually falls in the range be-
tween 700 and 40°. Shown in figure 10.13(a) is a simple 45° delta wing; 
three variations of the simple delta planform are shown in figures 
10.13 (b), (c), and (d). Many other variants are possible. In fact, the 
wings of some modern fighter aircraft defy classification as simple delta 

Figure 10.13 - Four delta-wing planforms. 
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or swept wings since they have some of the geometric characteristics of 
both. Typical wing-planform shapes of lighter aircraft are illustrated in 
chapter 11. 

The delta wing is particularly well suited to tailless, all-wing con-
figurations since the flap-type longitudinal controls can be located on 
the wing trailing edge, far behind the aircraft center of gravity. Other 
advantages of the delta wing as compared with the swept wing are its 
large internal storage volume, relatively good characteristics at high 
angles of attack, and lessened susceptibility to aeroelastic problems. On 
tailless applications, however, trailing-edge high-lift devices cannot be 
used because of the large pitching moments generated by these de-
vices. Further, the high drag due to lift inherent in the low-aspect-ratio 
delta wing must be carefully evaluated in relation to such aircraft char-
acteristics as wing loading, as well as cruise speed and altitude. Again, 
as mentioned previously, the choice between swept, delta, straight, or 
some hybrid wing planform must rest on the results of trade-off studies 
for a given application. A good discussion of such studies is presented 
in several of the papers contained in reference 155. 

Variable-Sweep Wings 
Thin swept wings of low aspect ratio are part of the aerodynamic 

ingredients of a low-drag supersonic aircraft but, at the same time, 
yield an aircaft with a relatively low maximum lift-drag ratio at sub-
sonic speeds, as well as certain undesirable handling characteristics in the 
low-speed, high-angle-of-attack regime. (Even so, the poor subsonic 
maximum lift-drag ratio is higher than that at supersonic speeds; flight 
in the low-supersonic speed range is not very efficient.) There are sev-
eral types of mission, however, in which a supersonic capability coupled 
with high subsonic efficiency is highly desirable. For example, an attack 
mission may be comprised of a long-range, high-efficiency subsonic 
segment followed by a supersonic dash over enemy territory to the 
target, after which subsonic cruise is used for the return trip home. 
Many military-mission profiles combining efficient subsonic cruise with 
a supersonic capability have been postulated. In the civil arena, the su-
personic transport not only requires good supersonic cruising efficiency 
but must also be able to fly efficiently at subsonic speeds for route 
segments over land (such aircraft are forbidden to fly at supersonic 
speeds over land because of the sonic boom) and for holding in the 
terminal area.
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These multimission requirements suggest a wing whose sweepback 
angle, and thus aspect ratio, can be mechanically adjusted in flight to 
the optimum position for each speed regime. A model of a conceptual 
variable-sweep aircraft with its wings set in three different sweep posi- 
tions is shown in figure 10.14. The increase in wing span, and thus 
aspect ratio, that accompanies movement of the wing to lower sweep 
angles is obvious. The maximum lift-drag ratio at subsonic speeds in-
creases, of course, with the aspect ratio, as quantitativel y shown in ap-

Figure 10. 14 - .%Iodel of a conceptual z'anable-sweep aircraft with the wing in three 

different sweep positions. [NASA] 
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pendix C. The near-zero sweep angle with accompanying high aspeet 
ratio would be appropriate for landing, takeoff, and climb; whereas the 
intermediate sweep could be used for normal cruise at subsonic speeds. 
Flight at high-subsonic and supersonic speeds would call for the wing 
to be swept fully back. 

Aircraft with variable sweep wings have been discussed since the 
concept of wing sweep was first introduced. Some of the aerodynamic 
problems introduced by the variable sweep concept together with pos-
sible solutions, based on material contained in reference 184, are illus-
trated in figure 10.15. Figure 10.15(a) shows a wing that changes its 
sweep angle by rotating about a single inboard pivot located on the fu-
selage center line. At the bottom of the figure the rearward movement 
of the wing center of lift with increasing sweep angle is shown for both 
subsonic and supersonic speeds. The slight rearward shift of the air-
craft center of gravity is caused by the rearward shift of the wing 
weight. Indicated by the cross-hatching is the distance between the 
center of gravity and the center of lift. This distance is a measure of 
the longitudinal stability of the aircraft and greatly increases as the 
sweep angle increases. A small amount of longitudinal stability is highly 
desirable, but the large increases with sweep angle shown in figure 
10.15(a) cause reductions in aircraft maneuverability and large in-
creases in trim drag. (Trim drag is associated with the large negative 
lift load that must be carried by the tail to balance the pitching 
moment induced by the distance between the centers of gravity and 
lift.) A single pivot wing of the type shown in figure 10.15(a) is accord-
ingly unacceptable, and no aircraft utilizing this concept has ever been 
built.

A solution to the problem highlighted in figure 10.15(a) is illus-
trated in figure 10.15(b). Here, the wing translates forward as the 
sweep angle increases so that the stability remains essentially the same 
at all sweep angles. The increase in stability at supersonic speeds is not 
related to variable sweep but is characteristic of all wings as they pass 
from subsonic to supersonic speeds. The rotating and translating vari-
able-sweep wing has been explored on two experimental aircraft. First 
was the Bell X-5 research airplane, which made its initial flight in 1951. 
The sweep angle on this aircraft could be varied from 20° to 60°, as 
shown by figure 10.16. No problems were encountered with the van-
able-sweep mechanism on the X-5, and flight characteristics of the air-
craft were fairly good at all sweep angles. At a somewhat later date, the 
Grumman XF1OF variable-sweep fighter entered flight testing. Like the 
X-5, the Grumman fighter had a wing that combined rotation and 
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translation to control the relationship between the centers of lift and 
gravity. Because of problems entirely unrelated to the variable-sweep 
feature, the XF1OF was not a success and was never put into produc-
tion. Both the X-5 and the XF1OF were subsonic aircraft in which the 
variable-sweep feature was intended to increase, as compared with a 
fixed-wing aircraft, the critical Mach number at high-subsonic speeds 
and reduce the landing speed at the other end of the scale. These goals 
were accomplished in both aircraft. The translating and rotating vari-
able-sweep wing, however, is heavy and leads to undesirable mechani-
cal complications. 

Shown in figure 10.15(c) is the basic solution to the variable-sweep 
stability problem employed in the design of all operational variable-
sweep aircraft in use today. The wing pivot is located outboard of the 
fuselage with a highly swept cuff extending from the pivot to the side 
of the fuselage. In this concept, developed at the NASA Langley Re-
search Center, the fixed and movable components of the wing are con-
figured so that the wing span-load distribution varies with sweep angle 
in a manner to minimize the rearward shift in the center of lift. As il-
lustrated in figure 10.15(c), the distance between the centers of lift and 
gravity are the same at subsonic speeds for two sweep angles - one 
low and one high. 
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0.	 0. 

	

I -Center of gravity	 a, °	 I	 r Center of gravity 

	

I \ ,- Centers of lift	 I	 I - Centers  of lift 
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C A l 	 c Supersonic 
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C __________	 C 

	

- Aft	 Aft 
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Figure 10.15 - Aft movement of center of lift with increasing sweep angle for three

variable-sweep concepts. 
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Figure 10. 16 - Bell X-5 research aircraft equipped with variable-sweep wings. [NASA] 

Three variable-sweep aircraft emplo ying the outboard pivot con-
cept are in operational use or under development in the United States 
today. These are described in chapters 11 and 12. Several variable-
sweep aircraft are also in operational use in Europe. Interesting ac-
counts of the development of variable-sweep concepts and aircraft are 
contained in references 155 and 184.
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The Area Rule 

The large increment in drag that accompanies an increase in Mach 
number from subsonic to supersonic values is clearly indicated by the 
curves in figure 10.12 for wings of different sweep angle and thickness 
ratio. The formation of shock waves on the wing and body as the air-
craft passes through the transonic speed range is responsible for this 
large increase in drag. Both aerodynamic theory for this speed range 
and early experimental results obtained from tests in the slotted-throat 
transonic wind tunnel indicated that the wave drag of a wing-fuselage 
combination would be significantly higher than the sum of the drag of 
these two elements measured separately. 

In the early 1950's, Richard T. Whitcomb of the NACA Langley 
Memorial Aeronautical Laboratory first experimentally demonstrated 
an aerodynamic principle that has had a profound and far-reaching 
effect on the entire process of airplane configuration synthesis. Known 
as the transonic area rule (ref. 202), this principle is illustrated in 
figure 10.17(a). According to Donlan, from whose 1954 paper (ref. 
153) the sketch in figure 10.17(a) was taken, "the basic tenet of the 
area rule . .. . states that the wave drag of an airplane configuration de-
pends primarily on the longitudinal distribution of the total cross-sec-
tional area. This concept results in the proposition that the wave drag 
of a simple equivalent body of revolution (that is, a body having the 
same longitudinal distribution of total cross-sectional area) would be 
the same as that of the more complex wing-body arrangement." As 
shown in figure 10.17(a), the cross-sectional area distribution is deter-
mined from planes passed through the configuration perpendicular to 
the longitudinal axis of the body. This procedure is correct only for a 
Mach number of 1.0, but with a relatively simple modification it can be 
applied at supersonic speeds (ref. 203). 

Figure 10.17(b) shows the variation of drag coefficient with Mach 
number for a smooth body and the same body having a bump corre-
sponding to the cross-sectional area of a wing. The dramatic increase 
in drag associated with the addition of a bump to the body is apparent. 
An obvious conclusion to be reached is that the cross-sectional area 
distribution of a low-drag wing-body combination should be the same 
as that of a smooth body of optimum shape. Thus, at transonic speeds, 
the time-honored principle that the drag of the individual elements of 
an airplane could be added in a linear manner to give the approximate 
drag of the entire configuration was forever ended, and the era of the 
"wasp waist" or "Coke bottle" airplane with indented fuselage began. 
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Figure 10.17 - The transonic area rule. 

The first aircraft to which the area-rule principle was applied was 
the Convair F-102 delta-wing fighter. With its relatively low-thrust 
engine, the prototype of this supposed supersonic fighter was unable to 
pass through Mach 1.0. At the top of figure 10.18 is the total cross-
sectional area distribution of the aircraft, together with that of the van-
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Mach number, M 

Figure 10.18 - Effect of area-rule modifications on drag of Convair F— 102 delta-wing 

fighter. 

ous components that make up the complete area distribution. At the 
bottom of the figure is the variation of drag coefficient with Mach 
number for the original configuration and for the aircraft with modifi-
cations made in accordance with the transonic area rule. The modified 
aircraft easily passed through Mach 1.0 and entered the supersonic 
speed regime. The way in which the appearance of the F-102 aircraft 
was altered by application of the area rule is illustrated in figure 10.19. 
At the upper left is the experimental Convair XF-92A delta-wing re-
search aircraft. At the upper right is the prototype F-102 delta-wing 
fighter that was unable to penetrate the supersonic speed range. Incor-
porating area-rule principles, the F-102A is shown at the lower left 
with its obvious fuselage indentation. The definitive form of the Con-
'air delta-wing fighter, the F-106, is shown at the lower right and 

clearly displays the application of the area-rule concept. The reason for 
the appellation "wasp waist" or "Coke bottle" for aircraft designed ac-
cording to area-rule concepts is obvious from figure 10.19. 

The area-rule principle is now an accepted part of aircraft configu-
ration synthesis and must be regarded as one of the cornerstones of 
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Figure 10.19 - Convair delta-wing aircraft with and without area-rule design. [mfr via 
Donald D. Baals] 

transonic and supersonic aircraft design. It clearly differentiates these 
aircraft from their subsonic ancestors. 

Stalling of Swept Wings 
The advantages of wing sweep for aircraft designed to fl y at high-

subsonic, transonic, and supersonic speeds have been discussed above. 
Along with such advantages, however, these wings can pose serious sta-
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Figure 10.20 - Bell L-39 research aircraft intended to explore the problems of low-speed 

flight with swept wings. [NASA] 

bility, control, and handling problems at high angles of attack in the 
stalled flight condition; such problems can occur at both high and low 
speeds. An early NACA flight study of the handling characteristics of 
an aircraft with swept wings was carried out in 1947 with a modified 
Bell P-.63 propeller-driven tighter. This aircraft, fitted with wings of 
350 sweepback, was redesignated the L-39 and is shown in figure 
10.20. Note the wool tufts that are attached to the wing surfaces to in-
dicate areas of unsteady or stalled flow. Extensive wind-tunnel studies 
of the high-angle-of-attack behavior of swept wings and of aircraft con-
figurations equipped with such wings were also made in the years fol-
lowing World War II. 

The nature of the problem is illustrated in figure 10.21, in which 
the variation with spanwise position of the wing aerodynamic load is 
shown for wings of aspect ratio 4.0 and different sweepback angle and 
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Figure 10.21 — Effect of wing-planform shape on span load distribution. 

taper ratio. The relative amount of aerodynamic load at each spanwise 
station is expressed by the span loading parameter CzC/C LC, which is 
the product of the local section lift coefficient at a particular spanwise 
station and the wing chord at that position, divided by the product of 
the wing lift coefficient and the mean aerodynamic chord. The curves 
in figure 10.21 (a) indicate that an increase in sweepback angle from 200 
to 60° results in a large increase in the value of the loading parameter 
near the tip relative to that at the root for wings of aspect ratio 4.0 and 
taper ratio 0.4. Reducing the taper ratio from 0.6 to 0.25 on wings of 
aspect ratio 4.0 and 40° of sweepback causes a corresponding increase 
in the relative amount of load carried near the wingtip, as shown by 
figure 10.21(b). Variations in the aspect ratio for a given sweepback 
angle and taper ratio also have an important influence on the shape of 
the span loading curve. 

An increase in the value of the span loading parameter from root 
to tip indicates that the amount of load carried by each section of the 
wing increases as the tip is approached. If the wing is tapered, the sec-
tion lift coefficients increase at a greater rate than the loading parame-
ter. Thus, for untwisted wings equipped with airfoil sections having the 

265



QUEST FOR PERFORMANCE 

same maximum lift coefficients, the initial wing stall would be expected 
to occur near the wingtip at the spanwise location at which the loading 
parameter is a maximum. Further increases in angle of attack would 
cause an inward progression of the stall. A loss in load near the wingtip 
may, depending on the sweep angle, taper ratio, and aspect ratio, cause 
a forward shift in the wing aerodynamic center of sufficient magnitude 
to cause the aircraft to become unstable and pitch up to a higher angle 
of attack and further into the stalled and poorly controlled flight 
regime. This behavior is in contrast with that of a straight-wing aircraft 
that has inherent stability at the stall and pitches down to a lower angle 
of attack and into an unstalled and fully controllable flight condition. 
Pitch-up at the stall is considered to be a highly undesirable flight char-
acteristic. In the development of a new aircraft, much attention is given 
to wing design and configuration arrangement to avoid pitch-up. Elec-
tromechanical devices (described later) must be used in some cases to 
provide acceptable flight characteristics at high angles of attack. 

The approximate boundary shown on the left side of figure 10.22 
delineates the combinations of wing sweep and aspect ratio that show 
reduced stability, or pitch-up, at the stall from those combinations that 
show increased stability at the stall. Combinations of aspect ratio and 
sweep angle that give reduced stability at the stall are in region II to 
the right of the boundary. The types of pitching-moment curves that 
might be expected in region II are indicated at the top right side of 
figure 10.22. Combinations of sweep and aspect ratio that are charac-
terized by positive stability at the stall are in region I to the left of the 
boundary, and the corresponding shape of the pitching-moment curves 
is shown at the lower right side of the figure. If positive stability at the 
stall is desired, the curve in figure 10.22 indicates that the aspect ratio 
must decrease as the sweep angle is increased. 

The stability boundary given in figure 10.22 was taken from refer-
ence 183 and is for untwisted wings with a taper ratio of 0.5. The re-
suits given in reference 189 indicate that increasing the taper ratio 
from 0.5 to 0 raises the stability boundary; that is, the limiting aspect 
ratio for stability at the stall is increased for a given sweep angle. 
Highly swept and tapered delta wings as used on many fighter aircraft 
generally do not have a pitch-up characteristic, which is one of the at-
tractive features of this planform. Twisting the wing so that the geo-
metric angle of attack of the tip is less than that of the root (termed 
"washout") may be used to reduce the tendency toward tip stall, as can 
various types of leading-edge high-lift devices. Some of these devices 
are briefly discussed in the next section. The spanwise flow along the 

266



TECHNOLOGY OF THE JET AIRPLANE 

10 

8 

I Increased stability at the stall 
II Reduced stability at the stall 

0	 20	 40	 60	 80


Sweepback angle, A, deg

+
Angle of attack, a 

o 
EC a, 
0) t5 - 

2°

Region II 

C E+ U	 Angle of attack, a 
o 
EC • CU 
0)	 - 

2°

Region I 

6 
CU 

(C 
U,

Figure 10.22 - Effect of wing-planform shape on static longitudinal stability at the stall. 

Tail off  taper ratio of 0.5. 

wing that results from the sweepback causes the boundary layer on the 
outboard sections of the wing to thicken, as compared with an unswept 
wing. The thicker boundary layer near the tip of the wing causes the 
maximum lift capability of these sections to be reduced, as compared 
with the two-dimensional value. The fences seen on the upper surface 
of many swept wings are intended to limit the spanwise boundary-layer 
flow and thus increase the maximum lift capability of the outboard sec-
tions; at the same time, the boundary layer builds up inboard of the 
fences and reduces the maximum lift coefficent of that part of the wing. 
Both these effects of the fence reduce the tendency toward pitch-up. 

The discussion so far has dealt only with wing-alone stalling be-
havior. The stalling and subsequent pitching characteristics of the air-
craft, however, are highly dependent upon the details of the aircraft 
configuration. The longitudinal and vertical position of the horizontal 
tail with respect to the wing is particularly important. A detailed devel-
opment of the relationships involved is beyond the scope of the 
present discussion but may be found in references 189 and 195.
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Some indication of the flow phenomena involved in the wing-tail 
relationship, however, may be gained from figure 10.23. At the top left 
side of the figure is an aircraft configuration on which the horizontal 
tail is slightly above or below the chord plane of the wing. At position 
1 the wing is just beginning to stall and the tail is immersed in the 
wake. The hypothetical pitching-moment curve in the lower portion of 
figure 10.23 shows that a reduction in stability is beginning at point 1. 
At position 2 the aircraft is at a higher angle of attack, and the wake 
from the wing passes above the chord plane of the tail. The contribu-
tion of the tail to the positive stability of the aircraft is therefore in-
creased at point 2, as compared with point 1, because the tail is operat-
ing in a flow field characterized by smaller downwash angles and 
higher dynamic pressure. The pitching-moment curve shown at the 
bottom of figure 10.23(a) shows the higher stability of the aircraft at 
position 2 and indicates that there is no real pitch-up, although a small 
reduction in stability occurs at the stall. The pitching-moment curve for 
the aircraft configuration with the tail mounted in the low position 
would be considered acceptable, although not as desirable as that of a 
design that showed no reduction in stability at the stall. 
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Figure 10.23 - Effect of horizontal-tail position on static longitudinal stability. 
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An aircraft configuration in which the horizontal tail is mounted 
high above the chord plane of the wing is shown in figure 10.23(b). A 
greater portion of the wing is stalled on this type of configuration, as 
compared with the design with the low tail, before the tail encounters 
the stalled wake. The wake is therefore broader in width and of a lower 
dynamic pressure for the high tail position. Position 1 in the upper part 
of figure 10.23(b) shows the high tail immersed in the wide, low-energy 
wake. The hypothetical pitching-moment curve at the bottom of the 
figure indicates the large reduction in stability that accompanies an in-
crease in angle of attack as the tail passes through the wake. Following 
emergence of the tail from the wake, the aircraft again becomes stable 
and with further increases in angle of attack reaches a second trim 
point as indicated by point B on the pitching-moment curve. If the lon-
gitudinal control surfaces are in the full nose-down position and the 
pitching-moment curve appears as depicted in figure 10.23(b), no re-
covery is possible if the aircraft is allowed to reach the second trim 
point B. 

Although fighter aircraft have in the past been configured with a 
high tail position, the requirement for fighter-type aircraft to engage in 
high-g maneuvers at high-subsonic and transonic speeds makes the use 
of a low tail position very desirable to avoid the possibility of pitch-up 
into an uncontrolled flight condition. The consequences of such an un-
controlled maneuver in a combat situation can well be imagined. The 
low tail position as employed on the Grumman Fl IF fighter, intro-
duced in the mid-1950's, is shown in figure 10.24. The good handling 
characteristics of this aircraft are evident from its use for many years by 
the U.S. Navy Blue Angels demonstration team. 

Since high-g maneuvers are not required on large transport air-
craft, acceptable pitching-moment characteristics can usually be ob-
tained with a high tail position by careful tailoring of the wing and tail 
designs and their relationships to each other. For configurations that 
employ engines mounted on the aft portion of the fuselage, careful at-
tention must be given to exact placement of these engines since the 
wake from the engine nacelles at high angles of attack may combine 
with that of the wing and contribute to the loss in effectiveness of the 
horizontal tail. In some cases, acceptable pitching-moment characteris-
tics cannot be achieved by aerodynamic refinements alone. In these 
cases, mechanical devices such as stick shakers or stick pushers, some-
times both, are employed to prevent the aircraft from entering a poten-
tially dangerous angle-of-attack region. A stick shaker is a mechanical 
device that causes the control column to vibrate violently as the aircraft 
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Figure 10.24 - Grumman F1 IF with all-moving honzontal tail mounted in the low 

position. [NASA] 

approaches a restricted angle-of-attack range. The vibration is intended 

to alert the pilot to an approaching stall and to make him take correc-




tive action to reduce the angle of attack. A stick pusher causes the con-




trol column to be pushed forward mechanically with a considerable 

force, perhaps 100 pounds, as the critical angle-of-attack range is ap-




proached. Sometimes the devices are employed together, in which case, 

the stick shaker is first activated, and if the pilot ignores the warning 

and permits the aircraft to continue pitching to a higher angle of 

attack, the stick pusher comes into action. Both the stick pusher and

the stick shaker are activated by signals from instruments that sense pa-




rameters such as angle of attack, rate of change of angle of attack, atti-




tude and its rate of change, or some combination of these parameters.

The preceding discussion deals with the major aerodynamic prob-




lem of the swept wing. Other aerodynamic problems of a less funda-




mental nature are also associated with the use of the swept wing. There 

are also problems in the areas of structures and aeroelasticity. While 

these problems are beyond the scope of the present discussion, an indi-




cation of the nature of the structures and aeroelastic problems is sug-
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gested in figure 10.21 (a) by the wings with an aspect ratio of 4 and 
sweepback angles of 20°, 40° and 60°. Increasing the sweepback angle 
for a given aspect ratio results in an increased length of the wing panel. 
The length-to-width ratio of the panel, sometimes referred to as the 
panel aspect ratio, is increased by the factor 1/cos A for a given aero-
dynamic aspect ratio. For a given aerodynamic aspect ratio and airfoil 
thickness ratio, increasing the sweepback angle increases the wing 
length and causes a reduction in wing bending and torsional stiffness. 
As a consequence, the problems of aeroelasticity, flutter, and dynamic 
loads can be intensified by the use of sweepback. 

High-Lift Systems 
Increases in the capability of high-lift devices have always accompa-

nied the use of higher wing loadings. This trend has been particularly 
evident in the evolution of the modern jet transport aircraft. Data given 
in chapter 3 of reference 176 show that airplane maximum lift coeffi-
cients of about 3 are being obtained in flight on modern operational 
jet transport aircraft. The corresponding two-dimensional airfoil maxi-
mum section lift coefficients for the flapped sections are probably 
somewhat in excess of 4. By comparison, the data in figure 7.5 show 
that airplane maximum lift coefficients slightly in excess of 2 were 
being achieved by the end of World War II. The technology for achiev-
ing two-dimensional maximum lift coefficients, without boundary-layer 
control, of about 3.2 existed at the end of World War II, as shown by 
the comparative data in figure 5.3. 

The high-lift system employed on modern jet transport aircraft 
consists of an assortment of various types of leading- and trailing-edge 
devices. A number of these devices and the manner in which they are 
mechanically actuated are described in reference 197. Although the 
detail design and relative effectiveness of the different devices vary, the 
basic means by which they increase the maximum lift coefficient remain 
the same. Trailing-edge devices are designed to increase the effective 
angle through which the flow is turned and thus increase the lifting ca-
pability. Leading-edge devices are basically designed to assist the flow 
in negotiating the sharp turn from the lower surface, around the lead-
ing edge, and back for a short distance on the upper surface, without 
separating. Modern high-lift devices as used on large transport aircraft 
form the subject of the next few paragraphs. 

Two typical high-lift configurations are shown in figure 10.25. A 
wing section equipped with a leading-edge slat and a triple-slotted 
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trailing-edge flap is shown in figure 10.25(a). The trailing-edge flap de-
ploys rearward and downward and separates into three components. 
The slots in the flap allow flow from the lower surface to the upper 
surface. The flow through the slots energizes the boundary-layer flow 
on the top surface, which is negotiating a positive pressure gradient, 
and prevents separation and subsequent loss of lift. The detail design 
of the slot contours is very critical and must be carefully worked out in 
wind-tunnel studies. Both the leading- and trailing-edge devices are 
completely retracted in cruising flight and are only deployed for land-
ing and takeoff. 

A wing section equipped with a leading-edge Krueger flap and a 
trailing-edge double-slotted flap is shown in figure 10.25(b). The 
Krueger flap is somewhat less effective than the slat but is probably 
simpler in mechanical design. Some aircraft employ slats on the out-
board portion of the leading edge, where more powerful flow control is 
required, and Krueger flaps on the inboard portion of the leading 
edge; The double-slotted trailing-edge flap is not as powerful as the 
triple-slotted flap but is mechanically simpler and easier to implement 
than the triple-slotted flap. The simple single-slotted flap is often used 
as a trailing-edge device. This flap consists of a single unsegmented 

Slat	
Spoiler

flap 

(a) Airfoil with triple-slotted flap, slat, and spoiler 

Krueger flap

Double-slotted flap 

(b) Airfoil with double-slotted flap and Krueger flap 

Figure 10.25 - Typical flap systems employed on jet-powered aircraft. 
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element that is deployed by moving rearward and downward. Although 
less effective than either of the other two types of trailing-edge devices 
described, it is by far the most mechanically simple of the three, and 
the aerodynamic design is the simplest. Many other types and combina -
tions of high-lift devices may be used on jet transport aircraft. The 
types shown in figure 10.25 are only intended to be representative of 
typical installations. 

Also shown on the upper surface of the wing in figure 10.25(a) is a 
spoiler in the deployed position. The spoiler is flush with the wing sur-
face when retracted. The action of the spoiler in the deployed position 
is to "spoil" or separate the flow downstream. The lift of the wing is 
therefore reduced and the drag increased. These two aerodynamic ef-
fects are utilized in several ways. When deployed on only one wing of 
an aircraft, they cause that wing to drop and thus serve as a lateral-
control device. The wings of many jet transport aircraft employ several 
spoiler elements on each wing. These elements may act simultaneously 
or in reduced number, depending on the flight condition and the func-
tion they are intended to fulfill. Some elements of the spoilers are fre-
quently used in combination with conventional ailerons' - to assist in lat-
eral control. The mix between ailerons and spoilers varies with the 
flight conditions under which the aircraft is operating. For example, the 
dynamic pressure corresponding to cruising flight at 35000 feet and a 
Mach number of 0.8 is 223 pounds per square foot, whereas that for 
an approach speed of 135 knots at sea level is 60 pounds per square 
foot. The need for additional lateral-control devices for flight at low 
speeds, as compared with cruising flight at high Mach numbers, is 
clearly shown by the difference in the dynamic pressure for the two 
flight conditions. 

The spoilers are also used to reduce lift and increase drag when 
deployed symmetrically, that is, in the same manner on each wing. The 
spoilers are usually deployed in this way immediately after touchdown 
on landing to assist in stopping the aircraft. The increased aerodynamic 
drag serves as a braking function for the aircraft, and the reduction in 
lift increases the percentage of the aircraft weight on the runway and 
thus increases the effectiveness of the wheel brakes. Many aircraft also 
utilize symmetrical deployment of the spoilers in flight to increase the 
rate of descent, for example, to comply with air-traffic-control require-
ments during the transition from high-altitude cruising flight to flight 
in the terminal area.
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Figure 10.26 - Lower-surface view of triple-slotted flap on Boeing 737 airplane. 

[NASA] 

figure 10.27 - Upper-surJwe vieu , showing Inple-sloltedjiap and spoilen on Boeing

737 airplane. [NASA] 
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Two views of a triple-slotted flap installed on a Boeing 737 aircraft 
are shown in figures 10.26 and 10.27. The large fairing shown on the 
lower side of the wing and flap in figure 10.26 houses the mechanism 
for deploying the flap. The four segments of the spoiler system em-
ployed on each wing are shown in the deflected position in figure 
10.27. The leading-edge slat is shown in the deployed position in 
figure 10.28. 

Figure 10.28 - Lower-surface veiw of leading-edge slat on Boeing 737 aup/ane. 

[NASA]
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Chapter 11 
Early Jet Fighters 

Background 

A
little more than a quarter of a century separated the endings of 
World Wars I and II. During this time, the maximum speed of 

propeller-driven fighter aircraft increased from 134 miles per hour for 
the SPAD XIII to 437 miles per hour for the North American P-51D. 
Integration of the jet engine with an airframe incorporating selected 
design innovations such as discussed in chapter 10 resulted in a quan-
tum increase in the capability and performance of fighter aircraft in the 
decade following the end of World War II. For example, maximum 
speeds had reached about 1500 miles per hour by 1955. Further in-
creases in the capability of jet fighters and their engines have contin-
ued to the present, albeit at a slower pace than that which character-
ized the first 10 years following the end of World War II. 

The missions of fighter aircraft have also changed drastically since 
they first appeared in World War I. In that conflict, the role of the 
fighter was described in chapter 2 as follows: "The primary purpose of 
fighter-type aircraft is to destroy other aircraft, either in offensive or 
defensive modes of operation, or to pose such a compelling threat that 
enemy air operations are effectively curtailed." In the 60-plus years 
since that great conflict, the role of the fighter has so expanded that 
today this class of aircraft might be described as an all-purpose combat 
machine. In addition to the air-superiority and interception roles de-
fined above for the World War I time period, the modern fighter may 
be employed for ground-attack operations, long-range interdiction mis-
sions, and photoreconnaissance duties. Indeed, some modern fighter 
aircraft can carry a greater bomb load than the World War II Boeing 
B-17 Flying Fortress four-engine bomber. The fighter may be designed 
and equipped for daylight, clear-weather operations or for night, all-

277



QUEST FOR PERFORMANCE 

weather missions. Frequently, a fighter optimized for one particular 
type of mission is adapted for other types of operations through 
changes in design and alterations of armament and mission-oriented 
electronic gear; thus, for example, an aircraft initially intended as an 
air-superiority fighter may later be modified for ground-attack mis-
sions, and with other alterations, for interceptor use. 

The fighter aircraft incorporating jet propulsion form the subject 
of the present chapter. Beginning in March 1942 with the first flight of 
the Messerschmitt Me 262 twin-engine jet fighter, the technical evolu-
tion of this class of aircraft is traced to the modern fighters of the early 
eighties. Described and illustrated are 19 jet fighters that show the pro-
gression of the state of the art for this type of aircraft over the past 35-
plus years. As with most successful aircraft, many versions of most of 
these fighters were developed and used over a period of years. Only 
one version of each aircraft is described. Works such as reference 200 
give the characteristics of most versions of a particular aircraft. Finally, 
some design trends are discussed in the concluding section. 

A number of the physical and performance characteristics of the 19 
aircraft described are presented in table V in appendix A. The quanti-
ties given in the table are defined in the list of symbols given in appen-
dix B and, in most cases, require no further explanation. Some further 
clarification of certain of the characteristics, however, seems desirable. 
Empty weight, normal gross weight, and maximum gross weight are 
given for many of the aircraft. The normal, or design, gross weight of 
the aircraft is the maximum weight at which the aircraft can be maneu-
vered to its design load factor. The maximum gross weight is limited 
by some design or performance characteristic other than the maximum 
design load factor. So many range-payload combinations are possible 
on modern fighter aircraft that no attempt has been made to delineate 
them in the table. The unrefueled ferry range, however, is given to 
provide some idea of the capability of the aircraft in this respect. 
Values of the subsonic minimum drag coefficient and maximum lift-
drag ratio given in table V for some of the aircraft are based on infor-
mation taken from various industrial sources. Finally, the first-flight 
dates given are for the first prototype of the entire series of aircraft, 
not necessarily for the particular version for which data are given in the 
table. 
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Pioneer Jet Fighters 
First of the pioneer jet fighters was the German Messerschmitt Me 

262, which made its initial flight on March 25, 1942. In the following 4 
years, a number of these pioneer, or first-generation, jet fighters were 
developed. In basic concept, these aircraft were small extrapolations of 
the technology of contemporary propeller-driven aircraft of that 
period. As compared with those which were to appear later, wings were 
basically straight, with relatively thick airfoil sections, and were not 
really suited for flight into the speed range above the critical Mach 
number, The systems for lateral, directional, and longitudinal control 
were usually manually operated with no power boost. The jet engines 
used were of low thrust by present-day standards. 

The performance characteristics of early jet fighters exhibited cer-
tain peculiarities as compared with those of contemporary propeller-
driven aircraft equipped with reciprocating engines; these differences 
were related to the manner in which the thrust and power of turbojet 
engines vary with speed. A reciprocating engine generates the same 
amount of power at takeoff as at high speeds, whereas the turbojet at 
the same altitude has nearly the same thrust at both high and low 
speeds. 

To give meaning to the different operating characteristics of the 
two types of engines, a simple example is offered as follows: A 10000-
pound propeller-driven fighter is powered by a 1600-horsepower 
engine and is capable of a maximum speed at sea level of 410 miles per 
hour. Near the beginning of the takeoff roll, the thrust at 25 miles per 
hour is estimated to be about 7500 pounds. Since the power is con-
stant and proportional to the thrust times the velocity, the thrust at 410 
miles per hour is about 1168 pounds. (Propeller efficiencies of 30 and 
80 percent were assumed for the low-speed and high-speed conditions, 
respectively.) Accordingly, the thrust-to-weight ratio for the two condi-
tions varies from 0.75 at 25 miles per hour to 0.12 at high speed. Ajet 
fighter with the same 10000-pound gross weight and having an engine 
of 2500-pounds thrust has a takeoff thrust-to-weight ratio of 0.25 - 
and at 410 miles per hour still retains this thrust-to-weight ratio be-
cause of the nearly constant thrust characteristic of the engine. The 
power usefully employed in propelling the jet aircraft varies from 167 
to 2740 horsepower as the speed increases from 25 to 410 miles per 
hour. These results are summarized in the following tabulation:
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Characteristic Propeller Jet 

P25 1600 167 
P410 1600 2740 
T25 7200 2500 
T410 1168 2500 
(T/W)25 0.75 0.25 
(T/W)410 0.12 0.25

where the subscripts 25 and 410 refer to speeds of 25 and 410 miles 
per hour, respectively. 

The results in the tabulation indicate the following two conclu-
sions:

(1) The thrust-to-weight ratio T/W of the jet aircraft is small 
compared with that of its propeller-driven counterpart at 
low speeds. Thus, the acceleration of the jet aircraft on take-
off will be low; and the takeoff distance, correspondingly 
long. 

(2) The maintenance of a nearly constant thrust-to-weight ratio 
through the speed range, however, gives the jet aircraft an 
important advantage at the high-speed end of the flight 
spectrum. Assuming that both hypothetical fighters consid-
ered have approximately the same drag area, the jet-pow-
ered machine would be expected to be much faster than the 
410 miles per hour given for the propeller-driven aircraft. 
(Actually, level flight speeds as much as 100 miles per hour 
faster than those of contemporary propeller-driven fighters 
could be achieved by several of the early jet fighters.) 

Because of the high-speed capabilities of the early jet fighters, 
deep penetrations into the Mach number range characterized by severe 
compressibility effects were possible. In addition to high drag, a variety 
of stability, control, and maneuverability problems were encountered. 
Typical of these was "tuck-under," a condition in which a rapid loss of 
lift on the wing, together with a change in tail load, caused the aircraft 
to nose over abruptly. Rapid recovery was frequently hindered by a 
loss of effectiveness and change in hinge-moment characteristics of the 
elevator control. Buffeting was a violent shaking of the aircraft caused 
by unstable separated flow behind the positions at which shock waves 
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were located on the wings and other parts of the aircraft. Most of these 
problems had been encountered previously on high-performance pro-
peller-driven fighters when flown in steep dives at high altitudes. The 
new jet fighters, however, had sufficient thrust at high speed to enter 
the Mach number range characterized by these difficulties in level 
flight, or slight dives, over a broad range of altitudes. Resolution of 
these difficulties came in later generations of jet 'fighters with thin 
wings and tails, usually with some sweepback, together with other im-
provements including powered controls. In the following, five pioneer 
jet fighters that appeared prior to 1947 are briefly described. 

Three Jet Fighters of 1942-43 

Two jet fighters that saw limited operational service in World War 
II were the German Messerschmitt Me 262 and the British Gloster 
Meteor. Because of the limited thrust capability of jet engines available 
at that time, both aircraft were necessarily of twin-engine design to 
meet desired mission and performance objectives. The Me 262 and the 
Meteor are illustrated in figures 11.1 and 11.2. Configuration of the 
two aircraft was similar in that both had engines mounted on the wing 
outboard of the fuselage and both had a tricycle landing gear that was 
to become standard on all jet fighters. (The first Me 262 had a conven-
tional landing gear that was abandoned for several reasons, one of 
which was the runway damage caused by impingement of the hot 
engine exhaust.) Significant improvements in visibility and ease of 
ground handling are offered by the tricycle landing-gear arrangement. 
In the United States, this type of landing gear had already been stand-
ard practice on multiengine, propeller-driven aircraft for a number of 
years; however, some design difficulties are presented by a retractable, 
tricycle arrangement on a single-engine propeller-driven fighter. Place-
ment of the jet engines in the wings or in the fuselage behind the pilot 
obviated these difficulties. 

The axial-flow Junkers Jumo turbojet engines were mounted below 
the wing of the Me 262. The innovative Junkers engine employing an 
axial-flow compressor may be considered as the precursor of all large, 
modern axial-flow engines. An interesting account of the development 
of this milestone engine is contained in a paper by its designer included 
in reference 140. 

The wing of the Messerschmitt has a relatively high aspect ratio of 
7.23, a taper ratio of 0.5, and, for that time, relatively thin airfoil sec-
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Figure 11.1 - Messerschnjjtt Me 262 Schwabe twin-engine jet fighter. [NASM] 

.	 . 

Figure 11.2 - Gloster Meteor twin-engine jet fighter. [Fit. Intl.] 

tions that tapered from a thickness ratio of 11 percent at the engine 
nacelle to 9 percent at the tip. According to reference 141, the wing 
was swept back slightly to position the wing aerodynamic center in the 
correct relation to the airplane center of gravity. (See discussion of 
Douglas DC-3 transport in chapter 5.) Some increase in critical Mach 
number, however, probably resulted from the 18.5° leading-edge 
sweepback. Fowler-type high-lift flaps were provided at the trailing 
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edge of the wing, and full-span slats were incorporated in the leading 
edges. The slats were actuated automatically by surface pressures at the 
leading edge when the angle of attack exceeded a prescribed value. 
The use of these devices gave the aircraft acceptable landing and take-
off performance with a wing loading of about 60 pounds per square 
foot. (Within limits, the higher the wing loading, the smaller the wing 
area and drag area; thus for a given thrust level, the higher the maxi-
mum speed.) In addition to improving takeoff and landing perform-
ance, the slats improved the high-g turning capability in maneuvering 
flight. Such leading-edge slats were also a feature of the famous Mes-
serschmitt Me 109 propeller-driven lighter employed by the German 
Air Force throughout World War II. 

The stabilizer angle could be varied with an electric motor activated 
by the pilot to provide rapid changes in trim with speed. This highly 
desirable feature was used on many later jet fighters. A deficiency in 
the aircraft was the lack of a speed brake, which is important for speed 
control in high-performance aircraft. 

The data in table V show a high performance for the 14 000-
pound Me 262, particularly in view of the low thrust-to-weight ratio. 
The speed of 540 miles per hour at 19 685 feet was about 100 miles 
per hour faster than that of the North American P-51, one of the best 
of the propeller-driven fighters of the war. The Me 262 seems to have 
been a carefully designed aircraft in which great attention was given to 
the details of aerodynamic design. Such attention frequently spells the 
difference between a great aircraft and a mediocre one. 

The Me 262 was employed as both a day and night fighter, as well 
as for ground-attack and reconnaissance operations. Depending upon 
the mission, it appeared in both single- and two-seat versions. As a 
fighter, named the Schwabe, it was armed with four 30-mm cannons lo-
cated in the nose. First encounter with an enemy aircraft was on July 
25, 1944. About 1400 Messerschmitt Me 262 aircraft, including all ver-
sions, were constructed. Fortunately for the Allies, only a small per-
centage of these saw action, and effective tactics designed to exploit 
the performance of the aircraft were not developed in a systematic and 
consistent way in the various operating squadrons. Follow-on Messer-
schmitt fighter aircraft, including one with about 40° of wing sweep, 
were being studied when termination of hostilities put an end to all 
German aircraft development. 

Although bearing a number of configuration similarities to the 
Messerschmitt Me 262, the Gloster Meteor differed in a number of sig-
nificant respects from the German fighter. The Rolls-Royce Derwent 
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centrifugal-flow turbojet engines of 3500 pounds thrust each were 
mounted in the chord plane of the wing rather than below it. The front 
spar actually passed through the inlet, and the rear spar was split and 
formed hoops around the top and bottom of the engine. The data in 
table V show that the wing was of low aspect ratio and had no sweep-
back. Airfoil-section thickness ratio varied from 12 percent at the root 
to 10.4 percent at the tip. Simple split flaps for lift augmentation were 
located on the wing lower surface between the fuselage sides and 
engine nacelles. These relatively small, ineffective, high-lift devices dic-
tated the relatively low wing loading of 43 pounds per square foot, a 
value about 63 percent lower than that of the Me 262. As compared 
with the German fighter, the Meteor was characterized by both higher 
wing area and drag area. Highly desirable dive brakes were provided 
on the upper and lower surfaces of the wing between the nacelles and 
the sides of the fuselage. To clear the jet exhaust, the horizontal tail 
was mounted high on the vertical tail. Longitudinal trim changes could 
be made with an elevator tab. An innovation at that time was the pres-
surized cockpit, which maintained the cabin pressure at a value corre-
sponding to 20 000 feet when the actual altitude was 40 000 feet. 

Performance characteristics shown in table I give a maximum 
speed for the Gloster Meteor F. Mk. 4 of 570 miles per hour, or a 
Mach number of 0.81, at 20000 feet. One source (ref. 162) indicates 
that at high speeds the Meteor experienced large trim changes, high 
aileron stick forces, and a tendency toward snaking. Snaking may be 
described as a self-sustained yawing oscillation; it plagued many of the 
earlier jet fighters. According to reference 188, numerous modifica-
tions were tried in an effort to cure the problem on the Meteor - 
none of them were entirely successful. (Later research indicated that 
the problem was probably related to incipient flow separation from the 
relatively thick airfoil sections used in the tail.) Climb performance of 
the aircraft was outstanding. The sea-level rate of climb was 7500 feet 
per minute, and an altitude of 30 000 feet could be reached in 5 min-
utes. Clearly, the performance of the Meteor F. Mk. 4 was much su-
perior to the performance of the Messerschmitt Me 262A for which data 
are given in table V. To put this comparison in proper perspective, 
however, the Meteor F. Mk. 4 did not fly until after the end of World 
War II and had a thrust-to-weight ratio of 0.47 as compared with 0.28 
for the earlier German aircraft. The author's analysis of the physical 
and performance characteristics of the two aircraft suggests that the su-
perior performance of the Meteor was due to the higher thrust of its 
engines and not to any inherent superiority in aerodynamic design. 
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The first flight of the Gloster Meteor took place in March 1943, 
and development and refinement of the type continued for a number 
of years following World War II. Over 3500 Meteors were built, includ-
ing versions intended to perform almost every role a fighter might be 
called upon to fill. For many years, it was used by the Royal Air Force, 
as well as by the armed forces of 15 other nations. It was the only jet-
powered aircraft fielded by the Allies to see action in World War II. In 
July 1944, a Meteor shot down a V-i Buzz bomb; and in the spring of 
1945, it served the Allies in the ground-attack role. It saw further 
combat in the Korean war. 

Although a strictly subsonic aircraft, the Meteor did have high per-
formance for a straight-wing fighter; it was rugged, versatile, and capa-
ble of being readily adapted to various missions. An interesting account 
of the development and operational history of the Meteor may be 
found in reference 188. 

The first jet fighter to be developed in the United States was the 
Bell P-59 Airacomet; its maiden flight took place on October 1, 1942, 
about 5 months earlier than the date on which the British Gloster 
Meteor first flew. Unfortunately, the P-59's performance showed no 
advantage over that of advanced propeller-driven fighters in use toward 
the end of the war. Hence, the aircraft was never to fill its intended 
role as a fighter but served instead as a transition trainer to introduce 
American pilots to some of the peculiarities encountered in flying jet-
powered aircraft. About 60 P-59 aircraft were built. 

The Bell P-59 is depicted in figure 11.3 flying alongside its ances-
tor, the Bell P-63 propeller-driven fighter. The P-59 was powered by 
two General Electric J31-GE-5 turbojet engines (derived from the Brit-
ish Whittle engine) of 2000 pounds thrust each. The engines were con-
tained in pods that blended into the sides of the fuselage, with the ex-
haust nozzles below and behind the wing trailing edge. The unswept 
wing was mounted in the shoulder position and had a constant airfoil 
thickness ratio of 14 percent, which was significantly greater than that 
used on the wings of the Me 262 and the Meteor. 

Although having about the same total thrust as the Me 262, along 
with a thrust-to-weight ratio over 30 percent greater than that of the 
German aircraft, the P-59A was slower by about 130 miles per hour. 
Analysis shows that the 65-percent-greater wing area and consequent 
greater drag area of the P-59A was responsible for much but not all of 
the difference in performance of the two aircraft. Perhaps the thick air-
foil sections of the P-59A or some other sources of added drag con-
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Figure 11.3 - Bell P-59A Airacomet twin-engine jet fighter. (Propeller-driven P-63 

flying alongside.) [USAF] 

tributed to its poor performance, or perhaps the engines did not per-
form as anticipated. An obvious question concerns the choice of so 
large a wing area for the aircraft. In comparison with the 60-pound-
per-square-foot wing loading of the Me 262, the corresponding value 
for the Airacomet was 28 pounds per square foot. The use of sophisti-
cated leading-edge and trailing-edge high-lift devices on the Me 262 
gave acceptable takeoff, landing, and maneuver characteristics with a 
small wing area and high wing loading on this aircraft. Onl y small, 
simple, inboard trailing-edge flaps were used on the P-59A, and the re-
sultant low maximum lift coefficient no doubt played a large part in 
dictating the choice of a low wing loading and associated large wing 
area.

In any event, the poor performance of the P-59A precluded its 
adoption as a production fighter for the U.S. Armed Forces. The P-59 
is included here only because of its historic interest as the first jet air- 
craft developed in the United States. 

First Operational United States Jet Fighters 
"Frantic" best describes the pace of some aircraft development 

programs during World War II. Surely falling into this category was 
the Lockheed P-80 Shooting Star program. By the summer of 1943, 
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the poor performance of the Bell Airacomet spelled the need for the 
development of a new U.S. jet fighter. Lockheed had been making 
design studies of such an aircraft and in June 1943 was awarded a pro-
totype development contract with the stipulation that the aircraft be 
reads' for flight in 180 days. Completion of the aircraft actually re-
quired only 150 days, but first flight was delayed b y engine problems 
until January 1944. 

Illustrated in figure 11.4 is a Lockheed P-80B Shooting Star. Con-
ventional in basic configuration, the P-80 featured an unswept wing of 
13-percent thickness mounted in the low position and, unlike the twin-
engine Meteor and the Me 262, had a single engine located in the fuse-
lage behind the pilot. Air was delivered to the engine by side inlets lo-
cated on the fuselage just ahead of the wing root, and the jet exhaust 
nozzle was at the extreme end of the fuselage. Adjacent to the fuselage 
side may be seen the bleed slots that removed the fuselage boundary 
layer from the engine intake air and thus prevented flow separation 
inside the inlet. No such slots were provided on the prototype, and 
intermittent separation did occur in the inlets. "Duct rumble" was the 
term used to describe this phenomenon because of the alarming noise 
heard by the pilot. Evident in the photograph is the deployed speed 
brake located on the bottom of the fuselage. Like the P-38 described in 
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Figure 11.4 - Lockheed P-80B Shooting Star single-engine jet fighter. [mfr via Martin

Coppi
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chapter 5, the P-80 had a small dive-recovery flap near the leading 
edge of the lower surface of the wing. Again like later versions of the 
P-38, the P-80 had power-operated ailerons. The other controls were 
manually operated. Split trailing-edge flaps provided lift augmentation 
at low speeds. 

The cockpit of production models of the Shooting Star was pres- 
surized and air-conditioned. In the prototype, no air-conditioning was 
provided so that the temperature resulting from a combination of the 
high temperatures of the California desert and sustained high Mach 
number flight at low altitude caused the interior surfaces of the cockpit 
and controls to become uncomfortably hot. For example, with an ambi-
ent temperature of 90° some parts of the aircraft would reach a tem-
perature of 150° in prolonged flight at a Mach number of 0.73. An-
other advance in cockpit equipment was the ejection seat incorporated 
in the P-80C model of the Shooting Star. (The first successful manned 
test of an ejection seat took place in July 1946.) 

Although the P-80 was conventional in appearance, the aircraft 
was the result of a careful synthesis of weight, size, and thrust param-
eters, as well as close attention to aerodynamic refinement. As a conse-
quence, it had performance far superior to that of the P-59A although 
the thrust-to-weight ratio of the earlier aircraft was actually about 12 
percent greater than that of the P-80A. For example, the maximum 
sea-level speed of 558 miles per hour was 145 miles per hour greater 
than that of the maximum speed of the P-59A, which occurred at 
30 000 feet. As seen in table V, the climbing performance of the P-80A 
was also far superior to that of the earlier aircraft; the much smaller 
wing and resultant drag area of the P-80A no doubt played a signifi-
cant role in ensuring the higher performance of the Shooting Star. In 
comparison with the drag area of the famous World War II Mustang, 
the drag area of 3.2 square feet of the P-80A was about 15 percent 
lower than that of the earlier propeller-driven aircraft. (Compare data 
in table III and table V.) 

The P-80 came too late for operational service in World War II, 
but the F-80C did see action in the Korean conflict of the early 1950's. 
(Note that in 1948 the designation "P" was changed to "F" on all Air 
Force fighters.) Designed as an air-superiority fighter, the F-80 could 
not compete in that role with the Soviet-built MiG-15 supplied to the 
opposing forces by the Soviet Union. It was, however, extensively 
employed in the ground-attack mode. Armament consisted of six .50-
caliber machine guns in the nose and externally mounted bombs and 
rockets. 
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The F-80 was withdrawn from first-line United States Air Force 
(USAF) service in 1954; production of the aircraft consisted of about 
1700 units. But, this is not quite the end of the F-80 story. A two-seat 
trainer version of the aircraft appeared in 1948. Known in the USAF as 
the T-33 and in the Navy as the T2V, over 5000 of these trainers were 
built; a number of them are still in service and can be seen frequently 
at air bases in different parts of the country. Certainly a long and 
useful life for an airplane developed in the closing years of World War 
II! An account of the development and use of the P-80 and its deriva-
tives is given in reference 206. 

The advent of the jet engine with its promise of greatly improved 
high-speed performance placed the U.S. Navy in something of a di-
lemma. As discussed, the early jet engines not only promised increased 
maximum speeds but also appallingly long takeoff distances. Thus, a 
jet-powered aircraft seemed incompatible with the short takeoff runs 
necessary for successful operations from the deck of an aircraft carrier. 
To be competitive with land-based fighters, however, the Navy needed 
the high-speed capability of the jet-powered airplane. Proposed as a so-
lution to the problem was a hybrid-type aircraft propelled by a recipro-
cating engine driving a propeller in addition to a jet engine. Takeoff 
would be shortened by the high thrust of the reciprocating engine at 
low speed, and high speed would be ensured by the jet engine. 

The only hybrid or composite to be produced in any quantity was 
the Ryan FR-i Fireball shown in figure 11.5. Except for the tricycle 
landing gear, the FR-i looked like a conventional propeller-driven 
fighter of the World War II time period. A small 1600-pound-thrust jet 
engine was mounted in the fuselage behind the pilot and was fed by air 
inlets in the wing leading edge. High-speed performance of the aircraft 
was similar to that of the P-59A but was in no way competitive with the 
Lockheed P-80. Takeoff performance was, of course, much improved 
by the propeller with its reciprocating engine. Fortunately, catapult 
launching of jet-powered aircraft from the deck of an aircraft carrier 
provided the solution, still in use, to the Navy dilemma of operating 
high-performance jet aircraft from carriers. As a consequence, the 
hybrid concept exemplified by the FR-i quietly passed into oblivion 
after production of only 66 aircraft. 

The first U.S. Navy jet fighter designed for carrier operation with 
catapult launch appeared in 1945; it was produced by a new aircraft 
company whose name has been closely associated with fighter develop-
ments from that time until the present. illustrated in figure 11.6 is the 
McDonnell FH-1 Phantom, which made its first flight on January 26, 
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Figure 11.5 - Ryan FR—I Fireball composite jet fighter. [mfr via Martin Copp] 

1945, was first operated from a carrier in the summer of 1946, and en-
tered squadron service in 1948. The aircraft was conventional in design 
and employed an unswept wing with simple high-lift devices; manual 
flight controls were provided about all three axes. Mounted in the wing 
roots were the two 1560-pound-thrust Westinghouse axial-flow jet en-
gines. Although not visible in the photograph, the inlets were located 
in the leading edge of the wing roots. As can be seen, the exhaust 
nozzles protruded from the wing trailing edge close to the side of the 
fuselage. 

Although the thrust-to-weight ratio of the McDonnell FH-1 was 
less than that of the Bell P-59, the data in table V show the perform-
ance of the Phantom to be much improved over the earlier aircraft but 
not nearly so good as for the P-80. The low wing loading of 36.4 
pounds per square foot was dictated by the necessity for a landing 
speed compatible with operation from an aircraft carrier deck. 

Because newer aircraft had much superior performance, the short 
service life of the FH-1 ended in 1950. With much the same configura- 
tion, a much improved McDonnell fighter, the F2H Banshee, first flew 
in 1947. This heavier, more powerful aircraft with higher performance 
remained in Navy service until the mid-1960's. Total Banshee produc- 
tion consisted of 364 units. 
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Figure 11.6 - McDonnell FH-1 Phantom twin-engine jet fighter. [ukn via AAHS] 

The P-80 Shooting Star and the FH-1 Phantom were the first 
operational jet fighters employed by the armed services of the United 
States. Both aircraft had unswept wings. A number of other straight-
wing jet fighters for both Air Force and Navy use appeared after World 
War II. None of these aircraft showed any major new technical ad-
vancement or innovation and hence they are not discussed. Descrip-
tions of these various aircraft may be found in reference 200. 

The Swept Wing Emerges 
Described in chapter 10 are the advantages of wing sweepback as 

applied to aircraft designed for flight at high-subsonic or supersonic 
Mach numbers. At subsonic speeds, increasing sweepback angle in-
creases the wing critical Mach number, that is, the Mach number at 
which the adverse effects of compressibility first begin to appear. The 
effect of sweepback on the critical Mach number was first pointed out 
in the United States by Robert T. Jones of NACA in 1945. German 
engineers under the leadership of A. Busemann were aware of the im-
portance of wing sweep in high-speed-aircraft design at an earlier date; 
and, following the end of World War II, much experimental informa-
tion that had accumulated in Germany became available in the United 
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States. Together with data obtained in NACA's wind tunnels, this infor-
mation served as the basis for the first swept-wing fighters designed in 
this country. The early swept-wing fighters were strictly subsonic air-
craft. Discussed in the following paragraphs are the first USAF and 
Navy fighters to incorporate wing sweepback. Both aircraft had long 
and distinguished careers, and both will find an important place in any 
account of the development of jet fighters. 

First of the swept-wing subsonic jet fighters to serve in the USAF 
was the North American F-86 Sabre, which made its first flight on Oc-
tober 1, 1947. Before production ended, nearly 10 000 Sabres had 
been produced in 20 different variants (including the Navy FJ series 
known as the Fury), with five different engines. During its long service 
life, the F-86 formed a part of the air forces of 24 different countries. 
As late as 1980, eight Third World nations still included a number of 
F-86 fighters in their inventories (ref. 177). Production lines were es-
tablished in four foreign countries, with the last aircraft coming from 
the Japanese line in 1961. The Sabre saw extensive service with the 
USAF during the Korean war, in which it achieved an outstanding ex-
change ratio of nearly 14 to 1 in combat with the Soviet-built MiG-15. 
Surely the F-86 must be ranked, along with its illustrious World War 
II ancestor the P-51 Mustang, as one of the great fighter aircraft of 
all time. 

Originally designed as a fair-weather air-superiority fighter, the 
F-86 later appeared in all-weather interceptor and ground-attack ver- 
sions. Some of these variants had major design differences; conse-
quently, the F-86 must be considered as a whole family of related air-
craft. Included here is a brief description of the F-86E air-superiority 
version of the aircraft. Data for this version are given in table V, and an 
F-86F in flight is shown in figure 11.7. 

Identifying features of the F-86 are the graceful sweptback wing 
and the nose inlet located in the fuselage. According to the compre-
hensive paper by Blair contained in reference 155, the 4.78-aspect-ratio 
wing of 350 sweepback was derived from captured German data for the 
advanced Messerschmitt fighter under design study at the time hostil-
ities ended. Streamwise airfoil-section thickness ratios varied from 9.5 
percent at the root to 8.5 percent at the tip. (These thickness ratios are 
based on data contained in the paper by Blair in ref. 155; other 
sources, e.g., ref. 126, give larger values for the thickness ratios. The 
apparent discrepancy is largely resolved, however, if the higher thick-
ness ratios cited in ref. 126 are assumed to be based on a wing chord 
length measured in a direction perpendicular to the quarter-chord line 
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figure 11. 7 - .VorI/i American F-80' Sabre single-engine jet fighter. [mfr via Martin 
Copp] 

rather than in the streamwise direction.) Pitch-up was prevented on 
many versions of the aircraft by full-span leading-edge slats. As on the 
Messerschmitt Me 262, deployment of the slats was automatically initi-
ated at the correct angle of attack by aerodynamic loads acting at the 
leading edge of the wings. On some versions of the aircraft, the slats 
were replaced by a sharp, extended-chord, cambered leading edge. 
Single-slotted high-lift flaps and outboard ailerons were incorporated 
in the trailing-edge portions of the wing. The ailerons were hydrau-
lically actuated, as were the horizontal-tail surfaces, which, on the F-86E, 
consisted of a movable stabilizer with linked elevator. Some versions of 
the F-86 had an all-moving, slab-type horizontal tail with no elevator. 
Greater control effectiveness is possible at high-subsonic and super-
sonic Mach numbers with the all-moving horizontal tail, and this arrange-
ment was to become standard on future transonic/supersonic fighters. 
The hydraulically actuated controls of the F-86E were of the fully pow-
ered, irreversible type with artificial control feel provided for the pilot. 
Fully powered, irreversible controls aid in eliminating such instabilities 
as aileron and rudder buzz, in addition to permitting maximum deflec-
tion of the control surfaces without requiring excess physical effort on 
the part of the pilot. These controls differ from the h y draulically boost-
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ed controls used on some early versions of the F-86, as well as on 
other aircraft. In a boosted control system, the pilot is still directly 
linked to the aerodynamic control surfaces, but his strength is aug-
mented by a hydraulic booster. Dive brakes were mounted on either 
side of the fuselage behind the wing. 

As mentioned, another identifying feature of many versions of the 
F-86 was the fuselage nose-inlet installation. Inlet air was ducted under 
the cockpit and delivered to the turbojet engine located behind the 
pilot; the exhaust nozzle was at the rear end of the fuselage. To mini-
mize the depth of the fuselage in the cockpit area, the shape of the 
duct leading from the inlet to the engine was changed from a circular 
to an elliptical shape with the long axis being in the horizontal plane. 
In the all-weather interceptor versions of the aircraft, notably the 
F-861), K, and L models, the distinctive nose inlet was replaced by a chin 
installation to provide space in the nose for the necessary radar gear. 
In contrast to other F-86 variants, the all-weather interceptor models 
were equipped with afterburning engines to provide the high rates of 
climb and high-altitude capability necessary to execute interception 
missions. 

Armament of the fighter versions of the aircraft consisted of 3 .50-
caliber machine guns buried in each side of the fuselage near the nose 
and provisions for carrying 2 1000-pound bombs or 16 5-inch rockets 
on the wings. Interceptor versions of the aircraft carried 24 2.75-inch 
rockets mounted on a retractable tray contained in the bottom of the 
fuselage. The tray extended only long enough to launch the rockets. 
Environmental control in the cockpit consisted of air-conditioning, 
heating, and pressurization; in addition, the pilot was equipped with an 
ejection seat. 

The data in table V show that the thrust-to-weight ratio of the 
F-86E was about the same as that of the P-59A. Yet, as compared with 
the earlier aircraft, the Sabre showed a speed advantage of nearly 300 
miles per hour at sea level. A smaller wing area, wing sweepback, and 
thinner airfoil sections, together with careful attention to aerodynamic 
design, were responsible for the large increment in maximum speed 
between the two types. Also, improved engine performance, not re-
flected in the values of static thrust given in the table, no doubt played 
a role in the superior performance of the F-86. Drag area was a little 
greater for the F-86 than for the P-80 by an amount that corresponds 
closely to the difference in wing area of the two aircraft. As would be 
expected, the zero-lift drag coefficients were about the same for both 
aircraft. Comparison of values of the maximum lift-drag ratio shows the 
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P-80 to have had the advantage by about 17 percent; this difference is 
primarily due to the lower wing aspect ratio of the F-86. Although the 
Sabre was strictly a subsonic aircraft, low-supersonic speeds could be 
achieved in a shallow dive. Flight through Mach LO first took place on 
April 26, 1948. 

Sea-level rate of climb was 7250 feet per minute, and 6.3 minutes 
were required to reach an altitude of 30 000 feet; service ceiling was 
47 200 feet. For the afterburning F-86D interceptor, the sea-level rate 
of climb was 12 000 feet a minute, and 6.9 minutes were required to 
reach 40 000 feet; service ceiling was 49 750 feet. Ferry range for the 
F-86E is given in table V as 1022 miles. According to reference 162, 
the combat radius of action with internal fuel was only 321 miles; with 
drop tanks the radius of action was increased to 424 miles. 

Surpassed in performance in the early 1950's by the Century 
Series fighters, the F-86 has long been retired from the USAF oper-
ational inventory. A number are still in use as target drones and for 
various flight-test purposes, and at least one manufacturer uses an 
F-86 as a chase plane. 

While recognizing the high-speed performance advantages of the 
swept wing, there was skepticism within the Navy regarding the carrier 
compatibility of a swept-wing fighter. Low maximum lift coefficients, 
poor stability and control characteristics at low speeds, and high angles 
of attack during the landing approach were cited as serious deficiencies 
that mitigated against the use of sweepback on Navy fighters. Neverthe-
less, swept-wing Navy fighters were under development in the late 
1940's; and one of these, the tailless Vought F7U Cutlass, made its 
maiden flight in 1948. Because of engine and/or airframe problems, 
however, neither the Cutlass nor any of the new Navy fighters were in 
operational use when the Korean war began in June 1950. During the 
early months of the conflict, however, an urgent need developed for a 
Navy fighter with a higher performance than then available with 
straight-wing Navy jet fighters. 

The first operational swept-wing Navy fighter was a product of the 
urgent Korean war need and consisted of a hasty albeit skillful and 
highly successful modification of an existing straight-wing Navy fighter. 
Since its first flight in 1947, the Grumman F9F Panther straight-wing 
jet fighter had been developed into a highly capable aircraft that first 
entered operational service in 1949. In the incredibly short time period 
of about 6 months, the Panther was converted into an effective swept -
wing fighter, which made its first flight on September 20, 1951. Named 
the Cougar, the new aircraft was designated the F9F-6; later versions 
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were the F9F-7 and the F9F-8. Operational service of the Cougar 
began in November 1952, and so successful was the aircraft that over 
1500 were built. The last of these, a trainer version, was finall y with-
drawn from service in 1974. During its active lifetime, it was employed 
as a fighter as well as for ground-attack and photoreconnaissance 
duties and, with an added second seat, as a trainer. 

Three-quarter front and rear views of an F9F-7 are shown in fig-
ures 11.8 and 11.9, and the approximate shape of the wing planform of 
an F9F-8 is depicted in figure 11.10. This wing-planform sketch, as 
well as those presented later for several other aircraft, was based on 
information contained in references 162 and 171. 

The Cougar was a midwing monoplane with leading-edge wing-
root inlets feeding the single 7250-pound-thrust Pratt & Whitney tur-
bojet engine located behind a large fuel tank immediately to the rear of 
the pilot. In a somewhat unusual arrangement, the vertical-tail surfaces 
extended beyond the end of the fuselage, which contained the engine 
exhaust nozzle. The horizontal tail was positioned part way between 
the top and bottom of the fixed portion of the vertical tail. Advantages 
offered by this configuration design are a reduction in tailpipe length 
and associated internal losses and external fuselage drag while provid-
ing at the same time a satisfactorily long tail moment arm. 

Figure 11.10 shows the unusual planform shape of the 35° swept-
back wing of the F9F-8. A distinctive feature of the wing is the large 
increase in wing chord between the inboard end of the flap and the 

Figure 11.8 - Grumman F9F-7 Cougar single-engine jet fighter. [NASA] 
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Figure 11.9 - Rear view of Grumman F9F-7 Cougar single-engine jet fighter. [NASA] 

side of the fuselage. An acceptable airfoil thickness chord ratio, while 
permitting the large physical thickness required to accommodate the 
inlet and internal flow duct, is the reason for the large increase in wing 
chord. Hydraulically actuated spoilers on the upper surface of the wing 
just forward of the flaps provided the sole source of roll control - no 
ailerons were used. Space was accordingly available for large trailing-
edge flaps. On the F9F-6, the trailing-edge flaps operated in conjunc-
tion with full-span leading-edge slats to provide the high-lift capability 
needed for carrier operation. Later versions of the aircraft incorporated 
a wing of larger chord, without slats, to decrease the wing thickness 
ratio and thus increase the critical Mach number; the corresponding 
12-percent increase in wing area also increased the lifting capability of 
the wing and no doubt compensated to some degree for the removal of 
the leading-edge slats. The relatively sharp wing leading edge together 
with the fence and leading-edge snag, or dogtooth, provided the neces-
sary wing flow control to avoid serious pitch-up problems. 

The longitudinal control system on the aircraft consisted of a fully 
powered stabilizer with a linked elevator; an interconnect between the 
flaps and the stabilizer provided automatic pitch-trim compensation 
with flap deflection. The rudder was operated manually since this con-
trol was little used in the high-speed regime where hinge moments are 
high. As mentioned, roll control was accomplished by wing spoilers. An 
ejection seat was provided for the pilot, and the cockpit was heated, 
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Figure 11. 10 - Approximate wing-planform shape of Grumman F9F-8 carrier-based jet 

fighter. 

air-conditioned, and pressurized. Armament on the fighter version of 
the F9F consisted of four 20-mm cannons and two Sidewinder missiles. 
For ground-attack missions, the aircraft could carry up to four 500-
pound bombs. 

A glance at the data in table V indicates that the maximum speed 
of the Cougar was nearly the same as that of the F-86 at an altitude of 
35 000 feet; near sea level, the F-86 was about 30 miles per hour faster 
than the Cougar. Data in reference 200 show that the Cougar was 40-
plus miles per hour faster than its straight-wing cousin the Panther. 
The higher performance of the swept-wing Cougar was achieved with 
about the same thrust as the straight-wing Panther in spite of a drag-
producing increase of 35 percent in wing area. Together with the high-
lift devices on the Cougar, the larger wing area resulted in a stall speed 
of about 140 miles per hour for both aircraft (ref. 200). 

The North American Sabre and the Grumman Cougar, both good 
aircraft, have been described here as being the first swept-wing jet 
fighters operated by the USAF and the Navy. Both services operated 
other subsonic swept-wing fighters representative of the same level of 
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technology as the two aircraft. Details of these various aircraft can be 
found in references 162, 163, and 200. 

Through the Transonic Range 
Many knowledgeable engineers once thought that reasonably safe 

and controllable flight past Mach 1.0 was highly unlikely, if not com-
pletely impossible. By the mid-1940's, much had been written in the 
popular press about the so-called "sonic barrier." That an aircraft 
could successfully fly past Mach 1.0, however, was convincingly demon-
strated on October 14, 1947 by Captain Charles E. Yeager flying the 
rocket-propelled Bell X-1 research airplane. This historic event set the 
stage for an intensive research and development effort, which had as its 
objective the production of jet fighters capable of passing through 
Mach 1.0 and into the once forbidden supersonic speed range. During 
this stimulating time period, from the late 1940's to the mid-1950's, a 
number of supersonic fighter aircraft were developed that later served 
in the United States air forces as well as those of a number of other 
countries. Some of these aircraft types saw extensive action in the Viet-
nam conflict, and some are still in service. 

To put the first-generation supersonic fighters in proper perspec-
tive, these aircraft should be thought of as basically high-performance 
subsonic machines with design features that allowed flight through 
Mach 1.0 and at supersonic speeds for very brief periods of time. In no 
sense were they designed for sustained cruising flight at supersonic 
speeds. The following considerations of drag, thrust, and specific fuel 
consumption readily show this to be so. As the supersonic fighter accel-
erated from high-subsonic speed to supersonic speed, the drag coeffi-
cient usually increased by a factor of 2 or more. The increase in actual 
drag force, however, was much larger than that of the coefficient. For 
example, the dynamic pressure at Mach 2.0 for a given altitude is about 
five times that at Mach 0.9 for the same altitude. Thus, the actual drag 
force and the thrust required to balance this force in steady flight in-
creases by a factor of at least 10 as the Mach number increases from 
0.9 to 2.0. Further, the specific fuel consumption (pounds of fuel per 
pound of thrust per unit time) of the afterburning turbojet at Mach 2.0 
is two to three times the value of that for the nonafterburning engine 
at subsonic Mach numbers. At Mach 2.0 the actual fuel consumption 
per unit time may accordingly be 20 to 30 times that at Mach 0.9. To 
compound the problem further, the time required by the early super-
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sonic jet fighters to accelerate from Mach 0.9 to Mach 2.0 was usually 
in the range from 3 to 10 minutes depending on the aircraft, engine, 
and altitude. The long acceleration times, which resulted from the rela-
tively small margin between thrust and drag, when coupled with the 
high fuel consumption per unit time during acceleration, severely re-
stricted the time available for cruising flight at maximum Mach 
number. The range available to fighter aircraft operating at supersonic 
speeds was accordingly quite limited. For these reasons, even modern 
supersonic fighters spend most of their flying lifetime at subsonic 
speeds. Most of the design features of the supersonic fighters, however, 
also increased the operational capability of these aircraft at high-sub-
sonic speeds. Accordingly, these aircraft should really be thought of as 
highly effective subsonic fighters with a supersonic dash capability that 
is useful and important in certain military missions. For example, a 
short burst of supersonic speed might be necessary in overtaking or es-
caping from a hostile aircraft or in avoiding antiaircraft fire in a bomb-
ing run at low altitude. 

The supersonic fighters developed in the 1950's shared a number 
of important technical features. All the aircraft had afterburning en-
gines that provided a substantial boost in thrust as well as fuel con-
sumption throughout the speed range. A large increase in thrust as the 
Mach number increased was also characteristic of the afterburning en-
gines. Both fixed- and variable-geometry inlets were used. Power-oper-
ated control surfaces with artificial "feel" provided to the pilot were 
standard features; and, in some cases, rudimentary stability augmenta-
tion was incorporated to improve the inherent stability characteristics 
of the aircraft. The increased control effectiveness of the all-moving 
horizontal tail at supersonic and transonic speeds dictated its use rather 
than the more conventional elevator. Wing thickness ratios fell in the 
range from about 7 to 4 percent. By comparison, the thickness ratio of 
a typical World War II propeller-driven fighter was about 14 percent. 
Wing planforms were usually of the swept or delta type, although one 
fighter of this period had a straight wing. 

By the end of 1956, prototypes of seven supersonic fighters for the 
USAF had been developed and flown. Six of these aircraft reached 
production status and operational service. In the same period, two su-
personic fighters were developed for the Navy. To illustrate interesting 
design features of supersonic fighters developed during the 1950's, 
four USAF and one Navy aircraft, all capable of supersonic flight, are 
briefly discussed in the following paragraphs. Some of the physical and 
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performance characteristics of these aircraft are given in table V. 
Where two values of engine thrust are given (16 000/10 000, for exam-
ple), the first value indicates the sea-level static thrust with maximum 
afterburning and the second value indicates maximum thrust without 
afterburning. Also note that the values of zero-lift drag coefficient CD,O, 

drag area f, and maximum lift-drag ratio (L/D) m , are for subsonic 
speeds. As mentioned, the values of CD,O increased by a factor of 2 to 3 
as the Mach number increased from subsonic to supersonic values. The 
maximum lift-drag ratio at supersonic speeds for the fighter aircraft 
discussed were usually in the range from 3 to 4. 

A glance at the data in table V indicates that the weights, wing 
loadings, and thrust loadings of the supersonic fighters were usually 
greater than those of earlier subsonic machines. The afterburning su-
personic fighters were designed to achieve both their maximum speed 
and corresponding Mach number at high altitudes. The maximum 
speed at low altitudes was usually restricted to values near Mach 1.0 by 
high drag was well as by airframe or engine limitations imposed by the 
high temperatures and dynamic pressures encountered in low-level 
flight at high speeds. At high altitudes, the maximum speeds of most of 
the aircraft approached or exceeded Mach 2.0. 

The Century Series Fighters 
Because the first of their number was designated the F-100, the 

USAF supersonic fighters developed in the 1950's were aptly chris-
tened with the appellation "Century Series." Design studies of an F-86 
equipped with a thin 45° swept wing, known as the Sabre 45, marked 
the genesis of the F-tOO; but the aircraft that finally emerged with that 
designation was an entirely new machine. 

First flight of the F-100, the world's first fighter capable of sus-
tained supersonic speeds in level flight, took place on May 25, 1953. 
Views of the F-100, known as the Super Sabre, are shown in figures 
11.11 and 11.12. The low-mounted wing had a weepback angle of 45°, 
a taper ratio of 0.25, and an airfoil-section thickness ratio of about 7 
percent. Like the wing of its ancestor the F-86, the leading edge was 
equipped with automatic slats for stall control and the trailing edge in-
corporated plain flaps. Location of the ailerons mounted a short dis-
tance inboard of the tip reduced adverse wing twisting due to aileron 
deflection. (Under conditions of high dynamic pressure, adverse wing 
twist due to aileron deflection can become so large that, on some air-
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Figure 11.11 - North American F-100 Super Sabre single-engine jet fighter. [ukn via

AAHSI 

craft, roll takes place in a direction opposite to that intended. This con-
dition is known as aileron reversal.) 

The low-mounted horizontal tail of the F-100 is clearly shown in 
figure 11.12. As discussed in chapter 10, this tail position assists in pre-
venting pitch-up. As a further assist to stall control, most models of the 
F-100 had wing fences. Also shown in figure 11.12 is the variable-area 
nozzle necessary for efficient operation of the at terburning engine; the 
nozzle is in the nonafterburning configuration in figure 11.12. The 
petals of the nozzle open to a larger diameter for afterburning. The 
boxlike structure on the vertical tail about one-third of the span from 
the tip, evident in figure 11. 12, housed a radar warning antenna. 

The oblong nose inlet shown in figure 11.11 provides an immedi-
ate recognition feature of the F-100 series of aircraft. As compared 
with a circular inlet, the oblong design provides better pilot visibility 
over the nose and, since the duct passes under the pilot's seat, the ver-
tical dimension of the fuselage is reduced at this location. No area 
ruling was incorporated in the design of the F- 100. 

All new aircraft encounter problems of var ying degrees of serious-
ness, particularly in new and largel y unexplored regimes of flight or 
with new configuration concepts, and the F-100 was no exception. An 
unanticipated problem was encountered during flight tests of the 
F-100 that resulted in loss of the aircraft as well as its well-known North 
American test pilot. Compared with piston-engine fighters and earlier 
jets, aircraft such as the F-100 had much higher values of the ratio of 
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Figure 11.12 -Rear view of North American F-100 Super Sabre single-engine jet 

fighter. [USAF via Martin Copp] 

lengthwise to spanwise mass. As a consequence, a gyroscopic couple 
that caused large yaw excursions occurred during dive pull-out maneu-
vers accompanied by large rolling velocities. During the performance of 
such maneuvers in an early model F-100, the angle of yaw became so 
large that the aerod ynamic loads on the vertical tail exceeded its struc-
tural strength and the tail separated from the aircraft. A larger and 
stronger vertical tail solved the problem on the F-100. All new fighter 
aircraft under development at that time, however, were carefully scruti-
nized for possible "rolling pull-out" problems; this maneuver is now a 
standard one that must he analyzed on all new fighter designs. 

Maximum speed of the F-100I) was 927 miles per hour, or Mach 
1.39, at 35 000 feet; at sea level, the maximum speed was just below 
the sonic value. Maxinuim sea-level rate of climb was 22 400 feet per 
minute, or about three times that of the F'-86, and the service ceiling 
was 51 300 feet. With a lift-drag ratio of 13.9 at subsonic speeds, the 
F-tOO had a ferry range of 1971 miles. According to reference 200, the 
combat radius was 599 miles with maximum external fuel load and 279 
miles with onl y internal fuel and six Snake ye bombs. 

Originally intended as an air-superiority lighter, the F-lOO was 
used operationally as a fighter-bomber and saw extensive service in this 
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role with the USAF in the Vietnam war. As a fighter-bomber, armament 
consisted of four 20-mm cannons mounted in the bottom of the fuse-
lage below the cockpit with provision made for up to 6000 pounds of 
external ordnance such as bombs and rocket pods. 

Before production was terminated, a total of 2194 F-100 aircraft 
were manufactured. Although no longer a part of the USAF inventory, 
the type was still in service in 1980 with four foreign air forces (ref. 
177).

Since the end of World War II, the primary mission of interceptor-
type aircraft has been to prevent attacking enemy aircraft from reach-
ing targets on United States territory. Several subsonic jet-powered 
interceptors, including the F-86D Sabre, filled the air-defense role until 
the supersonic Convair F-102A Delta Dagger entered the inventory in 
1956. As described in chapter 10, the F-102, which first flew in 1953, 
was able to fly in the supersonic speed range only after being rede-
signed according to the precepts of the transonic area rule. Even with 
this modification, however, the F-102A was underpowered and could 
achieve a maximum Mach number of only about 1.2 at 35 000 feet. 

First flight of a vastly improved Convair interceptor with the same 
general configuration layout as the F-102A took place on December 
26, 1956. Known as the F-106 Delta Dart, this aircraft is pictured in 
figures 11 .13 and 11.14 and is described by the physical and perform-
ance data given in table V. 

Instant recognition features of the F-106 are the distinctive low-
mounted delta wing, fuselage-mounted inlets just forward of the wing, 

All? FORCE: 

Figure 11.13 - In-Jlight view oJ Convair F—i 06.4 Della Dart interceptor. [mfr via

David A. Anderton] 

- 
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Figure 11.14 - Convair F-106A Delta Dart Interceptor. [USAF via Martin Copp] 

and absence of a horizontal tail. The F-102A can be distinguished from 
the F-lOG by its pointed vertical tail and by inlets located farther for-
ward and lower down on the fuselage than on the F-lOG. (See fig. 
10.19.) As with the F-102A, the F-lOG was carefull y area ruled to 
reduce the drag rise accompan ying an increase in Mach number from 
subsonic to supersonic values. This careful attention to drag reduction, 
together with the large 24 000-pound-thrust (with afterburning) Pratt & 
Whitney J75 turbojet engine, gave the Delta Dart a maximum speed of 
1525 miles per hour (M=2.31) at 40000 feet and the capabilit y of 
climbing to its combat ceiling of 51 800 feet in 6.9 minutes; service 
ceiling was 52 700 feet. Together with excellent handling qualities, the 
high maximum speed and good climb characteristics of the F-106 have 
made it an outstanding interceptor that first began to replace the 
F-102 in 1960. As a result, the F-106 is still in use today with many inter-
ceptor squadrons (ref. 177). 

Roll and pitch control of the F-lOG is provided by elevons, which 
are Ilaplike movable surfaces on the trailing edge of the wing. Working 
in phase in response to fore and aft motions of the control stick, these 
surfaces provide longitudinal control moments about the pitch axis; dif-
ferential deflection of the surfaces in response to lateral movement of 
the stick gives roll control. The lack of a horizontal tail for pitch trim 
prevents the use of high-lift flaps on the wing. The landing speed of 
the 34 510-pound-gross-weight airplane is maintained at an acceptable 
value (173 mph according to ref. 200) by the large wing area of nearly 
700 square feet, which gives a relativel y low wing loading of 49.5 
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pounds per square foot. (Compare this wing loading with that of some 
of the other supersonic fighters.) 

Primary armament of the F-106 consists of a Genie missile with 
nuclear warhead and four Falcon, radar-homing, infrared, heat-seeking 
missiles. Immediately after takeoff on an interception mission, control 
of the aircraft passes from the pilot to a ground controller who, by 
radio signals to the autopilot, directs the aircraft to the vicinity of the 
enemy intruder as displayed on a radar scope. Once within range of 
the enemy aircraft, the radar on board the Delta Dart locks onto the 
intruder, guides the interceptor to a favorable attack position, and initi-
ates firing of the missiles. Then ground control again takes over and 
flies the aircraft back to its base where the pilot performs the landing. 
Throughout this automatic mission, the pilot can at any time assume 
manual control of the aircraft. 

A total of 875 F-102A's had been completed, by April 1958, as 
well as 111 TF-102 two-place trainer versions of the aircraft. The last 
Delta Daggers were retired from the active Air Force inventory in 1973. 
Only 340 of the much more capable F-106's were built, the last of 
which came off the production line in 1961. The relatively few F-106's 
manufactured, as compared with the number of F-102A's, reflects the 
changing nature of the threat from enemy bombers to ballistic missiles 
that took place in the 1960's. Although still in use after more than 20 
years, the F-106 is now being gradually replaced in the air-defense role 
by an interceptor version of the McDonnell Douglas F-is Eagle. In 
contrast with most fighter aircraft adapted to a variety of missions, the 
F-102A and the F-106 were never employed for any role other than 
interception. 

Based on lessons learned in the Korean war, the Lockheed F-104 
Starfighter was originally intended as a lightweight interceptor with 
very high maximum speed and rate of climb. However, the aircraft saw 
only limited service in that role with the USAF, perhaps because it was 
too small to accommodate the sophisticated all-weather navigation and 
fire-control systems required by the Air Defense Command. A rede-
signed fighter-bomber version of the F-104 saw limited service with the 
USAF Tactical Air Command, including action in the Vietnam war, but 
enjoyed spectacular success in export sales to foreign governments. 
The aircraft has been in the inventory of 15 different countries and 
manufactured in 7 countries including the United States. 

The North American F-100 and Convair F-102/106 just described 
are examples of supersonic aircraft configurations having sweptback 
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and delta wings. Most supersonic aircraft have wings of one or the 
other of these shapes, or some h ybrid form derived from a blending of 
the two types. In contrast, the Lockheed F-104 was designed in accord-
ance with an entirely different configuration concept, which featured an 
almost vanishingly small straight wing and a horizontal tail mounted in 
the T-position at the top of the vertical tail. Different views of the 
F-104 are shown in figures 11.15 and 11.16, and physical and perform-
ance characteristics of the F-104G version of the aircraft are given in 
table V. 

With an area of 196.1 square feet, the wing of the F-104 was about 
one-half as large as that of the F-100 and less than one-third as large 
as that of the F-106. From the side of the fuselage to the wingtip meas-
ured only 7 feet, 7 inches. The actual thickness of the wing varied from 
a maximum of 4.2 inches at the root to 1.96 inches at the tip. The cor-
responding airfoil thickness ratio was 3.4 percent. Sharp leading-edge 
airfoil sections (sharp enough to pose a safety hazard to ground per-
sonnel) were used to minimize the drag rise in passing through Mach 
1.0. Even so, experimental data show that the transonic drag rise on 
this straight-wing aircraft with no area ruling was about 40 percent 
higher than that of the F-106 (in terms of drag coefficient). Both lead-
ing- and trailing-edge flaps were used to increase the lifting capability 
of the wing. Effectiveness of the simple trailing-edge flaps was aug-
mented by boundary-layer control employing high-pressure bleed air 
from the engine. Ailerons were used for lateral control. Clearly shown 

Figure 11.15 - Lockheed F—JO-/C StarJighler single-engine jet fighter. [Denis Hughes

via AAHS]
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Figure 11.16 - Front view of Lockheed F_ 104 StarJighler. [Clyde Gerdes via

AAHS] 

in figure 11.16 is the pronounced wing anhedral angle (droop) that 
served to partially offset the rolling moment due to sideslip induced by 
the tail surfaces. During the flight test program, the aircraft was found 
to have a severe pitch-up problem at the stall. Immersion of the high-
mounted horizontal tail in the wake from the stalled wing and long fu-
selage nose undoubtedly caused the problem. A stick shaker/pusher 
(see chapter 10) to limit the maximum attainable angle of attack elimi-
nated the pitch-tip problem. 

The side-mounted inlets incorporated a fixed conical centerbody 
whose vertex angle and position were chosen so as to place the oblique 
shock from the nose of the centerbody on or just above the lip of the 
inlet at the maximum design Mach number. The conical centerbody inlet 
along with appropriate auxiliary inlet doors provided the proper engine 
airflow through the design Mach number range. Of lower performance 
than the production aircraft, the prototype XF-104 had normal shock 
inlets without the centerbody. 
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Photographs of this version of the aircraft are frequently seen in vari-
ous references. 

Armament carried on the F-104 consisted of one six-barrel 20-mm 
Vulcan rotary cannon. This weapon can be likened to the 19th-century 
Gatling gun but was, of course, power operated instead of hand 
cranked. Four thousand pounds of various types of external stores 
could also be carried. On a typical ground-attack mission, the aircraft 
was capable of delivering 2510 pounds of bombs at a combat radius of 
620 miles. Both pylon and tip-mounted fuel tanks were dropped during 
the course of the mission, which was carried out at an average speed of 
585 miles per hour. Cruise altitude varied from about 22 000 feet at 
the beginning of the mission to 34 000 feet at the return to home base. 
Weapons delivery took place at near sea-level altitude. 

The data in table V show the F-104G to be significantly lighter 
than the other Century Series fighters and, with its small wing, to have 
the highest wing loading of the group. Maximum speed is Mach 2.0 at 
35000 feet and Mach 1.13 at sea level. Initial rate of climb at sea level 
is a spectacular 48 000 feet per mimute. In May 1958, a world speed 
record of 1404 miles per hour was set by an F-104, and a record 
zoom-climb to an altitude of 91 243 feet was made. 

Before ending this discussion of the Lockheed Starfighter, some 
mention of its flying characteristics must be made. In many quarters, 
the F-104 has the unenviable reputation of being a difficult and dan-
gerous aircraft to fly, an aircraft with unforgiving handling characteris-
tics. Certainly, it has had an appallingly poor safety record in use with 
some air forces but a relatively good one in others. In fairness, the 
record seems to suggest that the aircraft can be flown with reasonable 
safety if the pilots are properly trained and the aircraft is maintained 
and flown strictly in accordance with the manufacturer's recommenda-
tions. Apparently, however, the aircraft can be terribly unforgiving of 
any departure from these recommended procedures. An interesting 
discussion of the F-104 and its safety record is contained in reference 
186.

First flight of the F-104 prototype took place on February 7, 1954, 
and production aircraft first entered service with the USAF in January 
1958. By the time the last Starfighter was built in Italy in 1978, a total 
of 2536 units had been constructed in this multinational program. A 
final question and observation on the somewhat controversial F-104: 
Why did the aircraft receive such wide acceptance by foreign air forces 
while, at the same time, it was essentially rejected by the USAF? Rela-
tively light in weight, the aircraft offered a very high performance at a 
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reasonable price. These were no doubt important ingredients in the 
formula that assured its widespread sale abroad, as was the highl y ag-
gressive and effective sales campaign mounted by the Lockheed organi-
zation. Limited payload and range, however, restricted the usefulness 
of the F-104 in service with the USAF - an organization that could 
and did pay for exactly what it wanted. 

Designed from the outset as a fighter-bomber for long-range inter-
diction missions, the Republic F-105 Thunderchief was a large, heavy 
aircraft with Mach 2 performance. A unique feature for a fighter was 
the internal bomb bay intended to house a nuclear weapon. First flight 
of the Thunderchief took place on October 22, 1955. After winning a 
fl yoff competition with the North American F-107 in 1956, the F-105 
first entered squadron service in 1958. (As an interesting sidelight, the 
F-107 was the last of the Century Series of fighters to fl y and the last 
fighter aircraft to bear the name "North American.") Two views of the 
F-105B are shown in figures 11.17 and 11.18, and physical and per-
formance data for the F-1051), the most numerous variant of the air-
craft, are given in table V. The configuration incorporated a shoulder-
mounted 450 sweptback wing with airfoil thickness ratios varying from 
5.5 percent at the root to 3.7 percent at the tip. Trailing-edge Fowler 

Figure 11.17 - Republic F-105B Thunderchief single-engine jet fighter. [mfr via

Martin Copp] 
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Figure 11.18 - Front view of Republic F-105B Thunderchief single-engine jet fighter. 

[mfr via Martin Copp] 

flaps together with leading-edge flaps were used to increase the maxi-
mum lift coefficient of the wing. Roll control was achieved b y short-
span outboard ailerons assisted by upper-surface spoilers. The all-
moving horizontal tail was mounted in the low position to aid in pre-
venting pitch-up. Careful fuselage area ruling reduced the magnitude 
of the drag rise as the Mach number increased from subsonic to super-
sonic values. A most unusual feature of the aircraft are the two-dimen-
sional variable-area supersonic inlets mounted in the wing-root posi-
tion. The speed brake was an unusual petal-t ype arrangement that stir-
rounded the jet nozzle. 

Already mentioned is the internal bomb ba y designed to accommo-
date a nuclear weapon. Not long after the F-105 became operational, 
however, the concept of carrying a nuclear weapon in the aircraft was 
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discarded, and the bomb bay was used to house additional fuel. A six-
barrel Vulcan 20-mm rotary cannon was carried in the aircraft, and 
there were provisions for 12 000 pounds of external armament includ-
ing bombs, rockets, and missiles. Such a large load could be carried 
only on short-range missions, however, with a more normal load being 
6000 pounds. Combat radius for this load varied from 600 to 800 
miles depending on the amount of external fuel carried. The F-105 
was provided with all the necessary electronic equipment for full all-
weather capability. 

Maximum Mach number of the F-105D was 2.08, or 1372 miles 
per hour, at an altitude of 36 090 feet; at sea level, the maximum Mach 
number was 1. 1, or 836 miles per hour. Normal cruising speed was 584 
miles per hour. Sea-level rate of climb was a spectacular 38 500 feet 
per minute; only 1.7 minutes were required to reach an altitude of 
35 000 feet. Ferry range with no war load was 2207 miles. With a maxi-
mum gross weight of 52 838 pounds, the F-105D is by far the heaviest 
fighter so far considered, nearly as heavy as the 55 000-pound, four-
engine B-17 bomber of World War II. 

A total of 833 F-105 aircraft were manufactured before production 
ended in 1964. Extensively used in ground-attack operations in Viet-
nam, the Thunderchief continued to serve with the USAF for a number 
of years following the end of the conflict. Last of the F-105's was with-
drawn from the Tactical Air Command in 1980, but a few are still in 
service with the Air National Guard. 

The Navy Goes Supersonic 
A number of Navy fighters developed during the 1950's were capa-

ble of flight at high-subsonic speeds, but only two production types 
could pass through Mach 1.0: the Grumman F11F Tiger and the 
Vought F8U Crusader. Capable of a maximum Mach number of about 
1.1, the Tiger was just barely able to enter the supersonic flight 
regime. With a maximum Mach number of 1.75 at 35 000 feet and a 
Mach 1.0 capability at sea level, however, the Crusader had much the 
higher performance of the two aircraft and is discussed in the next few 
paragraphs. 

Before discussing the F8U, however, a few words on the change in 
the method of military aircraft designation that took place in 1962 is in 
order. Up until this time, the Navy designation system indicated the 
purpose of the aircraft, the manufacturer, and details of the aircraft 
geneology. For example, the designation F8U-1 is explained as follows: 
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F indicates a fighter-t y pe aircraft 
U is the identifying letter assigned to the manufacturer, in this 

case Vought 
8 indicates the 8th fighter-type aircraft developed by Vought 
I indicates the first model of the aircraft 

The Navy system was useful for those who understood it and knew the 
letter of the alphabet assigned to the various manufacturers. For the 
uninitiated, however, the system was clumsy and obscure. Further, 
when the same basic aircraft was used by both the USAF and the Na', 
two distinctl y different designations were used. For example, the USAF 
North American F-86 Sabre became the Navy F4J Fury. Following the 
introduction in 1962 of a simplified designation system for both USAF 
and Navy aircraft, the F8U Crusader became simply the F-8A where 
the number "8" indicates the fighter type and the letter "A" signifies 
the first model. The designation F-IA was assigned to the oldest Navy 
fighter then in service; Air Force aircraft then in service retained their 
original designations. (See refs. 171 and 200 for further discussion of 
designation systems.) 

Three-quarter front and rear views of the Vought F-8A Crusader 
are shown in figures 11.19 and 11.20, respectively, and physical and 
performance characteristics are given in table V for the F-8H version 
of the aircraft. Configuration features of the F-8 include a variable-mci-

Figure 11.19 - l'ought F-8A Crusader single-engine jet fighter. [NASA]
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dence, 35° swept wing mounted at the top of the fuselage, an all-
moving horizontal tail mounted below the extended chord plane of the 
wing, and a chin inlet to feed air to the single 16600-pound-thrust 
Pratt & Whitney turbojet engine. Although not evident in the figures, 
the fuselage was carefully shaped in accordance with the transonic area 
rule.

The two-position variable incidence wing of the F-8 is a unique 
feature dictated by aircraft-carrier landing requirements. With the low-
aspect-ratio swept wing of the F-8A, a high angle of attack was needed 
to reach the desired lift coefficient in the carrier approach and landing 
maneuver. To avoid tail scrape and possible damage at touchdown, the 
landing-gear configuration of the aircraft severel y limited the maximum 
usable aircraft pitch angle. For this reason, and to provide the pilot 
with improved visibility during the approach, the required angle of 
attack was achieved by shifting the wing from the low to the high inci-
dence position while, at the same time, maintaining the aircraft pitch 
angle within the desired range. Seven degrees was the amount by 
which the incidence changed as the wing was shifted from the low to 
the high position. In figures 11.19 and 11.20 the wing is in the high 
incidence position. 
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Other features of the approximately 6-percent-thick wing included 
a chord extension, sometimes called a snag or dogtooth, beginning at 
about the midsemispan position and extending to the wingtip. A vortex 
generated at the beginning of the snag helps alleviate pitch-up in much 
the same manner as a wing fence (discussed in chapter 10). High-lift 
devices consisted of inboard and outboard leading-edge flaps and plain 
trailing-edge flaps. To further increase the maximum lift coefficient, 
the capability of the trailing-edge flap was augmented by blowing 
boundary-layer control using bleed air from the engine. Small inboard 
ailerons were used for lateral control; these surfaces could also be de-
flected symmetrically to increase lift at low speeds. 

The fixed-geometry inlet seems, at first glance, to be somewhat in-
congruous on an aircraft of such high performance as that of the Cru-
sader. The nose of the aircraft protrudes forward of the chin inlet, 
however, and probably serves much the same purpose as the fixed con-
ical bodies employed on the inlets of the Lockheed F-104. As com-
pared with a nose-mounted normal-shock inlet, the chin inlet would ac-
cordingly be expected to have better pressure recovery at the super-
sonic speeds achieved by the F-8. 

The Crusader was the first carrier-based aircraft to reach a speed 
of 1000 miles per hour. Not quite as high in maximum speed or rate of 
climb as the later-model Century Series fighters, the F-8H is neverthe-
less shown by the data in table V to be a high-performance supersonic 
aircraft. As a fighter, it was usually equipped with four 20-mm cannons 
and two or four Sidewinder missiles. Initially, a clear-weather air-supe-
riority fighter, the Crusader was later modified to have limited all-
weather capability. 

First flight of the F-8 took place on March 25, 1955; and before 
production ended, 1261 Crusaders had been constructed. In addition 
to the U.S. Navy, the French Navy and the Philippine Armed Forces 
used various versions of the F-8. In the Vietnam conflict, the Crusader 
saw extensive service in photoreconnaissance, ground-attack, and fight-
er-escort roles. U.S. Navy fighter service for the Crusader ended in 
March 1976, but a few are still on duty as photoreconnaissance aircraft. 
According to reference 177, some F-8's are still in use with French and 
Philippine forces. 

Fighters of the 1960's 
A profusion of new aircraft types came upon the fighter scene in 

the 15 years between the end of World War II and 1960. Many of these 
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did not progress beyond the prototype stage; others entered produc-
tion and became part of the fighting inventory of the U.S. Armed 
Forces. As discussed, many new design innovations were explored in 
this seminal period of jet-fighter design. By the end of the 1950's, how-
ever, most of the new concepts had been explored, and the days of 
rapid design and construction of new prototypes were at an end. A 
major contributor to the demise of the multiple prototype approach 
was the great complexity and associated high development cost of any 
new fighter by the 1960's. Consequently, only three new fighters came 
into the USAF and Navy inventories in the 1960's. Of the three, the 
McDonnell F-4 and the Northrop F-5 series of fighters incorporated 
no really new design concepts but were carefully engineered combina-
tions of proven design features aimed at achieving specified mission ca-
pabilities. The third aircraft of this group was the General Dynamics 
F- ill; it enjoys the distinction of being the first production aircraft of 
any type in any country to have a variable-sweep wing. These three air-
craft, which are still in service, are discussed below. 

McDonnell F-4 Phantom II 
If the number of aircraft produced is any measure of success, then 

surely the McDonnell F-4 aircraft must be considered the most success-
ful supersonic fighter ever produced in the United States. From the 
time of its first flight on May 27, 1958 until the end of production in 
1979, slightly over 5000 F-4's of approximately 15 variants were pro-
duced. 

Originally developed as a carrier-based fleet-defense fighter for the 
Navy, the F-4 (F4H in the old Navy designation system) was designed 
to have higher performance and a larger and more versatile weapons 
load than the F-8, as well as complete all-weather capability. The F-4 
Phantom II first entered Navy service in late 1960, and in 1962 the 
USAF began procurement of the F-4 for service in its fighter squad-
rons. Today, the aircraft serves in the air forces of 10 foreign coun-
tries, as well as with the USAF, Navy, and Marine Corps. 

A three-quarter front view of an Air Force RF-4C (reconnaissance 
version of the aircraft) is shown in figure 11.21; a three-quarter rear 
view of a Navy F-4J fighter is presented in figure 11.22; and a sketch of 
the wing planform shape is given in figure 11.23. Details of the physi-
cal and performance characteristics of the USAF F-4E are given in 
table V. 
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Figure 11.21 - McDonnell Douglas RF-4C Phantom II twin-engine jet fighter. [Peter

C. Boisseau] 
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Figure 11.22 - Rear view of McDonnell Douglas F-4J Phantom II twin-engine jet 

fighter. [Peter C. Boisseau] 

A large anhedral angle (negative dihedral angle) of the horizontal 
tail in combination with a sharpl y defined positive dihedral in the outer 
wing panels are two conspicuous identifying features of the aircraft. 
These two features are related to the position of the exhaust nozzles 
located onl y a short distance behind the low-mounted wing. To avoid 
impingement problems with the hot jet exhaust, the tail surfaces are 
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Leading-edge flap 

Leading-edge slats .....
ling-edge snag 

Aileron -	 Spoiler	 "— Flap 

Figure 11.23 - Approximate wing-planfonn shape of McDonnell Douglas F-4 jet 

fighter. 

mounted on an aft fuselage extension above the nozzles. As indicated 
by early wind-tunnel studies, the resultant high position of the horizon-
tal tail in combination with the wing-shape parameters led to undesir-
able nonlinear pitching-moment characteristics at high angles of attack. 
The large anhedral angle, or droop, of the horizontal-tail surfaces 
greatly improved the pitching-moment characteristics, as well as in-
creasing directional stability. To achieve the proper balance in dihedral 
effect for the integrated aircraft configuration, however, a large positive 
dihedral angle was incorporated in the outer panels of the wing. In ad-
dition, the wing dihedral elevated the wingtip vortexes relative to the 
horizontal tail and further improved the pitching-moment characteris-
tics of the aircraft. Another identifying feature of the F-4 is the large 
vertical-ramp variable-geometry inlet located on each side of the fuse-
lage. These inlets feed the two 17 900-pound-thrust afterburning Gen-
eral Electric turbojet engines. 

Contained in reference 155 is an interesting paper by Bennett and 
Rousseau, that describes seven different wing configurations used on 
the F-4; the reader should consult this paper for details of these vari-
ous wings. The planform of the low-aspect-ratio 45' sw ,^^ptback wing is 
depicted in figure 11.23. Different combinations of leading-edge flaps 
and slats, together with trailing-edge flaps, were used on various ver-
sions of the aircraft. As a result of combat experience in the Vietnam 
conflict, the leading-edge slats shown in figure 11.23 were incorporated 
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to improve manuevering capability in air-to-air engagements. Leading-
edge and trailing-edge boundary-layer control using high-pressure 
engine bleed air was provided on Navy models of the aircraft (as 
well as some USAF versions) to give the desired low approach speeds 
so necessary in carrier operations. Lateral control was provided by a 
combination of upper-surface spoilers and midspan ailerons. Thick-
ness ratio of the wing varied from 6.4 percent at the root to 4 percent 
at the tip. 

Originally intended as a fleet-defense fighter, the F-4 had no guns 
but was equipped only with missiles. Four Sparrow missiles with a 10-
mile range and four Sidewinders with a 2-mile range were semiburied 
on the lower side of the aircraft beneath the wings and fuselage. Navi-
gation and target acquisition was handled in the all-weather aircraft by 
the radar intercept officer seated behind the pilot. All Phantom II air-
craft were of two-seat configuration. As later used in the ground-attack 
mode, a wide variety of external stores could be carried. For example, 
two 370-gallon fuel tanks could be mounted on inboard wing pylons, 
together with a 600-gallon centerline tank. On a typical ground-attack 
mission, six 750-pound bombs could be delivered at a combat radius of 
514 miles at an average speed of 566 miles per hour. Four air-to-air 
missiles were also carried, and about 42 percent of the total fuel load 
was accommodated in external tanks. As a result of Vietnam combat 
experience, a Vulcan six-barrel 20-mm cannon was added to the arma-
ment of the F-4 to increase its effectiveness in the air-superiority role. 

A glance at the data in table V indicates that the F-4E was a large, 
heavy, twin-engine aircraft with Mach 2.25 supersonic performance 
coupled with a sea-level rate of climb of 54 200 feet per minute and 
service ceiling of 59 200 feet. As compared with earlier Century Series 
fighters, however, the F-4 had a relatively high zero-lift drag coefficient 
and low maximum lift-drag ratio. Once described in the press as a tri-
umph of thrust over aerodynamics (with at least some degree of truth), 
the F-4 was nevertheless an astute ensemble of aircraft design param-
eters synthesized in such a way as to produce an outstanding fighter. 
Extensive service in Vietnam clearly showed that the aircraft could be 
employed effectively in a wide variety of roles encompassing most mis-
sions a fighter might be called upon to perform. 

The high performance of the Phantom II coupled with its great 
versatility and twin-engine reliability have resulted in its wide accept-
ance throughout the world. It will be a familiar silhouette in the sky for 
many years to come. The various models of the aircraft as well as a 
summary of its war record may be found in reference 200.
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Northrop F-5 Tiger 

A fighter totally different in concept from the McDonnell F-4, but 
one that has received worldwide acceptance, is the Northrop F-5 family 
of fighters. Today, this versatile aircraft serves in the air force invento-
ries of 27 countries. It is a lightweight, eas y-to-fl y , simple-to-maintain, 
and (relatively) cheap supersonic fighter that was selected in the early 
1960's for use by underdeveloped countries as part of the U.S. Military 
Assistance Program (MAP). Its origins can be traced to design studies 
begun by Northrop in the mid-1950's; development proceeded along 
two lines. In response to a USAF requirement for a supersonic trainer, 
the two-place T-38 Talon was produced. First flight took place on 
April 10, 1959, and eventually 1189 of these aircraft were manufac-
tured for use by the USAF, the Navy, NASA, and the Federal Republic 
of Germany. Most of these were delivered by the mid-1960's. In addi-
tion to its trainer and pilot proficiency roles, the T-38 was flown for a 
number of years by the USAF Thunderbird exhibition team. 

In the meantime, first flight of the prototype of the fighter version 
of the aircraft, designated F-5, occurred in July 1959; in May 1962, it 
was selected by the United States for use in MAP. First known as the 
Freedom Fighter and later as the Tiger, initial deliveries of the F-5 
were made to Iran in January 1965. Attracted by its performance, reli-
ability, and low cost (in 1972, the cost of an F-5 was about one-third 
that of an F-4), other countries outside MAP soon began buying the 
F-5. To date, some 2225 F-S's have been manufactured, and production 

•.	 . 

Figure 11.24 - Vor1hrop F-5A Tiger twin-engine jet fighter. Denis Hughes via 

AAHSI 
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continues at this writing. An advanced version of the aircraft, known as 
the F-20 Tigershark, is now under development. 

A three-quarter front view of a Northrop F-5A Tiger can be seen 
in figure 11 .24, and an in-flight view of its close relative, the T-38 
Talon supersonic trainer, is shown in figure 11.25. Ph ysical and per-
formance characteristics of the F-5E Tiger II are contained in table V. 

In configuration the F-5 is a low-wing monoplane equipped with 
an all-moving horizontal tail mounted in the low position; the fuselage 
is carefully contoured in accordance with the transonic area rule. Small 
side-mounted inlets suppl y air for the two General Electric J85 after-
burning turbojet engines. The 4.8-percent-thick wing has 24° sweep-
back at the quarter chord line. As can be seen by the T-38 in figure 
11 .25, the wing trailing edge is nearly straight, giving a trapezoidal 
shape to the planforrn. Lateral control is provided by small ailerons lo-
cated near midsemispan; single-slotted high-lift flaps extend from the 
inboard end of the ailerons to the sides of the fuselage. Leading-edge 
flaps are used to improve maneuvering performance. (These flaps are 
not incorporated in the wings of the T-38.) As can be seen in figure 
11 .25, speed brakes are mounted on the bottom of the fuselage. Turn-
ing performance is enhanced b y an aileron-rudder interconnect system, 
and handling characteristics are improved by artificial damping about 
the pitch and yaw axes. The F-5 is reported to have good handling 
characteristics and, in contrast with the F-4, does not have a propensity 
for entering unintentional spins.

AM 

Figure 11.25 - Northrop T-38 Talon trainer, a close relative of the F-5 Tiger. [mfr

via Martin Copp]
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A glance at the data in table V shows that the F-5E is indeed a 
small, light aircraft. Its design gross weight of 15 745 pounds is only 
about 30 percent of the 53 848-pound design gross weight of the F-4. 
In performance, the F-5 has a Mach 1.51 capability at about 36000 
feet and a sea-level rate of climb of 28 536 feet per minute - a good 
performance but not comparable with that of the F-4. Certainly, the 
load-carrying capability of the F-5 is much less than that of the larger 
aircraft. 

The F-5 was originally designed as a daytime, air-to-air fighter, but 
it has also been extensively used as a ground-attack aircraft. Photore-
connaissance versions of the F-5 have also been produced. Armament 
for the air-to-air combat role consists of two 20-mm cannons and two 
Sidewinder missiles. Radius of a typical air combat mission with this ar-
mament and external fuel tanks is 375 miles, and average mission 
speed is 541 miles per hour. In the ground-attack mode, about 7000 
pounds of external ordnance may be carried. Evaluated in Vietnam by 
the USAF, the F-5 was later used by Vietnamese forces. Never a part of 
the USAF tactical forces, it has been used as an aggressor aircraft to 
represent a hostile fighter in simulated combat with U.S. fighters. 
(Some of the characteristics of the F-S resemble those of the Soviet-
built MiG-21 in certain altitude ranges.) 

Like the McDonnell F-4 Phantom II, the F-S Tiger will be a famil-
iar sight in many parts of the world for a long time to come. An inter-
esting account of the development of the F-S and T-38 is contained in 
reference 134. 

General Dynamics F-ill 
In 1960 the USAF formulated requirements for a new all-weather 

fighter-bomber to replace the Republic F-lOS. An aircraft that com-
bined transatlantic ferry capability, short-field landing and takeoff, and 
both subsonic and supersonic attack modes was desired. Such a great 
mission flexibility was made possible and feasible by the newly devel-
oped NASA single-pivot, variable-sweep wing concept described in 
chapter 10. At the same time, the Navy had a requirement for a new 
combat-air-patrol aircraft that could loiter for long periods of time at a 
distance from the fleet and have the capability of preventing any intru-
sion of hostile aircraft within a specified zone surrounding the fleet. In 
the summer of 1961, the new Secretary of Defense decided that, to 
reduce program costs, a single aircraft to satisfy both Air Force and 
Navy requirements was both possible and desirable. Competing for the 
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contract to develop this entirely new type of aircraft were Boeing and 
General Dynamics, with Grumman as a subcontractor for the Navy ver-
sion of the aircraft. General Dynamics was selected as the winner of the 
competition in December 1962. The source selection and subsequent 
development and early operational use of the F- ill were fraught with 
technical problems and political controversy. No discussion of these 
difficulties is offered here other than to note that the variable-sweep 
wing itself caused no problems. 

First flight of the F-i 1 1A, the Air Force version of the aircraft, 
took place in December 1964, and the Navy version, the Fl 1 iB, made 
its initial flight about 5 months later. Unfortunately, the decision to de-
velop a single aircraft to satisfy both USAF and Navy requirements 
compromised both versions of the aircraft. To satisfy the low-level su-
personic range requirement of the Air Force, a long slender aircraft of 
high fineness ratio was required to give the desired low level of super-
sonic wave drag. The length of the aircraft necessary to achieve the de-
sired low wave drag, however, was incompatible with physical restric-
tions imposed by critical constraints of aircraft-carrier deck and eleva-
tor size. Consequently, the aircraft was shortened to meet Navy re-
quirements. The consequent increase in drag resulted in increased fuel 
load and weight in order to accomplish even a much shorter than de-
sired low-level supersonic range for the critical Air Force mission. 
Eventually, because of increased weight and degraded performance, the 
Navy withdrew from the program after the construction of only seven 
F-i 1 I  aircraft; the Grumman F-14, to be described later, was then 
developed to fill the role for which the F-i ii was intended. The Air 
Force, however, continued with the program and, before production 
ended, took delivery of 563 aircraft including the FB-1 ii version for 
the Strategic Air Command. 

A three-quarter front view of an F-111F is presented in figure 
11.26, and an in-flight view of an F-111B with the wings in the low 
sweep position is shown in figure 11.27. Figure 11.28 shows a three-
view drawing of the F-i 1 iA, which was part of the General Dynamics 
press release on the occasion of the first aircraft rollout in 1964. The 
F- ill is a high-wing monoplane with quarter-round variable-geometry 
supersonic inlets positioned at the intersection of the lower wing sur-
faces and the sides of the fuselage. The inlet design is shown in greater 
detail in figure 10.10(b). Inlet air is supplied to two bypass ratio 1.1 
Pratt & Whitney TF30-P-9 afterburning turbofan engines of 20840 
pounds thrust each. Located approximately in the extended chord 
plane of the wing, the all-moving horizontal tail can be deflected differ-
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Figure 11.26— General D y namics F-IIIF twin-engine tactical strike lighter. [James 

I. Brady via AAHSI 

Figure 11.27 - General Dynamics F-il lB twin-engine Vavy strike lighter. [uku via 

AA H S I 

entiallv for roll control as well as s y mmetricall y to control pitch. Wing 
spoilers are used to augment the roll-control power supplied by differ-
ential deflection of the horizontal tail. 

Wing sweepback angle can be varied from 16° to 72.5°; the corre-
sponding wing span varies from 63 to 32 feet. To assist in achieving 
short takeoff and landing (STOL) performance, the wing is fitted with 
leading-edge slats and trailing-edge double-slotted flaps. The very 
large wheels evident in figures 11.26 and 11.27 are to reduce footprint 
pressure and thus allow operation from semiprepared fields. 
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72' 1.6"

17' 1.4" 

/ 

I'	 I 

Figure 11.28 - Three-view drawing of General D'nam,cs F—Il I4 twin-engine tactical 

strike fighter.
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The two crew members are seated beside each other in an air-con-
ditioned and pressurized cockpit that forms part of an escape module. 
In the event that evacuation of the aircraft is necessary, the entire 
module separates and is lowered to the ground by parachute. 

As can be seen from table V, the F- li 1D is a large, heavy aircraft 
with a design gross weight of 82 819 pounds and a maximum gross 
weight of 98 850 pounds. The corresponding values of wing and thrust 
loading for the design gross weight are 157.8 and 0.50, respectively. 
To add perspective to these numbers, the World War II B-17 four-
engine heavy bomber had a gross weight of 55 000 pounds and a wing 
loading of 38.5 pounds per square foot. (See chapter 4.) 

A wide variety of weapons can be accommodated on the F- ill. In-
cluded are an internal bomb bay for a nuclear device, a Vulcan six-
barrel 20-mm cannon, and provisions for externally mounting up to 
20 000 pounds of stores - both weapons and fuel tanks. On the vari-
able-sweep wing panels, the store-mounting pylons swivel so that the 
stores remain aligned with the airstream as the sweepback angle is 
varied. 

Precision all-weather attack capability is provided by a computer-
ized radar coupled with an inertial navigation system. Terrain-following 
radar feeds signals into the autopilot so that the aircraft can fly up and 
down hills at very low altitude and thus minimize the risk of detection 
by enemy radar. In a typical low-altitude attack mission, a 2000-pound 
bomb can be delivered at a distance of 920 miles from home base. The 
trip to the target is made at sea level at a Mach number of about 0.5 
with the last 44 miles being at a Mach number of 1.2. The return trip is 
accomplished at an altitude of approximately 34 000 feet and a Mach 
number of 0.75. 

The performance figures in table V show the F- il I  to have max-
imum Mach numbers of 2.2 at 50 100 feet and 1.2 at sea level; coupled 
with this is a 3298-mile unrefueled ferry range. How variable sweep is 
used to advantage in achieving this versatile performance is shown by 
the curves in figure i i.29, which were taken from reference 184. The 
wind-tunnel data shown were obtained with a research configuration, 
not with a model of the F- ill; nevertheless, the trends shown are in-
dicative of the way in which sweepback can be used to increase aircraft 
versatility. On the vertical scale is the lift-drag ratio, a measure of aero-
dynamic cruising efficiency, and on the horizontal scale is the wing 
sweepback angle. For sweepback angles over 90° the wing panels fold 
rearward until the tips nearly meet over the top of the fuselage. (This 
feature is not employed on any existing aircraft with variable-sweep 

326



20	 40	 60	 80	 100	 120 

20 

16 

-J 12 
0 

C) 
Cu 

-J

4

EARLY JET FIGHTERS 

Wing sweepback angle, deg 

Figure 11.29 - Effect of wing sweep on aerodynamic efficiency. Weight, 60 000 pounds. 

[ref. 184] 

wings.) For the ferry mission at Mach 0.6 and altitude of 30 000 feet, a 
wing sweep of 200 is optimum, whereas a wing sweep of about 75° is 
best for Mach 2.0 flight at 60 000 feet. If the sweep angle was to be 
fixed at 75°, however, the subsonic lift-drag ratio and consequently the 
range in this speed regime would be cut in half. For Mach 1.2 at sea 
level, a sweep angle of about 110° appears best. Thus, by varying the 
sweepback angle, a single aircraft can be optimized for several widely 
different flight conditions. 

In addition to the important effects on aircraft performance just 
described, variable sweep can be used to control, at least to some 
extent, the magnitude of the gust loads imposed on the aircraft. As 
anyone who has flown in a transport aircraft knows, rough air is usually 
encountered more frequently at low rather than high altitudes. Mach 
1.2 flight at sea level constitutes a particularly severe gust-loads envi-
ronment, not only because of the frequency of gust encounter but be-
cause the magnitude of the load imposed on the aircraft for a given 
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size gust increases with speed. Minimizing the magnitude of these loads 
reduces structural weight and pilot fatigue and increases the accuracy 
of weapons delivery. Fortunately, the large sweep angles needed to 
reduce drag at supersonic speeds also reduce the magnitude of the 
gust loads. Finally, the low sweep position is useful in obtaining the 
maximum lift coefficients needed for STOL field lengths. The field 
lengths listed in reference 162 for the F- ill are less than 3000 feet. 

The F- lit first entered operational service in 1967 and saw action 
in the Vietnam conflict. This very versatile aircraft, though failing to 
meet some of its original performance objectives, is still an outstanding 
machine and is likely to remain in the USAF inventory for many years. 
An interesting account of the aerodynamic research that led to the 
F- ill concept is contained in reference 184. 

Contemporary Fighters 
The decade of the 1970's saw the introduction of four new fighters 

into the armed services of the United States. Entering the Navy was the 
Grumman F-14A Tomcat, while the McDonnell F-15 Eagle and the 
General Dynamics F-16 Fighting Falcon became part of the USAF in-
ventory. Finally, the unique British Aerospace AV-8A Harrier vertical 
takeoff and landing (VTOL) fighter entered service with the U.S. 
Marine Corps. These aircraft are described below. Since these ma-
chines are currently first-line equipment in the United States inventory, 
only limited performance data are available for them in the open litera-
ture. Hence, performance and aerodynamic data in table V for these 
aircraft are limited. 

Grumman F-14A Tomcat 

In January 1969 the Grumman Aerospace Corporation was named 
the winner in a design competition for development of a Navy fighter 
to fill the role for which the F-i 11 was rejected. First flight of the new 
fighter, known as the F-14A Tomcat, took place on December 21, 
1970, and the first operational squadrons were deployed on the U.S.S. 
Enterprise in September 1974. In addition to the previously described 
combat-air-patrol (CAP) mission, the F-14A was designed to fill several 
other roles including escort of carrier-launched strike forces, deck-
launched interceptions, close-in air-to-air combat, and low-altitude 
strike missions. These varied missions spelled the need for an aircraft 
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with a combination of high cruise efficienc y at subsonic speeds, good 
maneuverability at high-subsonic/transonic speeds, and a supersonic ca-
pability extending to Mach 2.4. Finally, as in all Navy fighter aircraft, 
low approach speeds compatible with carrier operations were required. 
As a consequence, it came as no surprise that the F-14A turned out to 
be an aircraft featuring variable-sweep wings. 

Photographs of the F-14A are presented in figures 11.30 and 
11.31, and the wing-pianform shape is shown in figure 11.32; physical 
and performance data for the aircraft are contained in table V. As com-
pared with the variable-sweep F-ill, the Tomcat has distinct differ-
ences in appearance. Among the distinguishing features of the F-14A 
are the large two-dimensional horizontal-ramp supersonic inlets. In ac-
cordance with the Mach number, the angle of the upper ramp, that is, 
the inside horizontal surface of the upper part of the inlet, varies auto-
matically at supersonic speeds to maintain high inlet pressure recovery. 
Another identifying feature of the aircraft is the two vertical-tail units 
necessary for adequate directional stability and control at high angles 
of attack and high Mach numbers. The crew of the Tomcat is accom-
modated in a tandem arrangement, in contrast to the side-b y-side seat-
ing in the F- ill. 

An examination of the physical data in table V shows that the 
F- 14A is significantly lighter than the F-i 11 and has a lower wing load-
ing, a higher thrust-to-weight ratio, and a much shorter length. All 

Figure 11.30 - In-flight view oJ Grumman 1--14A Tomcat twin-engme let fighter. 

[ukn]
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Figure 11.31 - Grumman F-14A Tomcat twin-engine jet fighter. [author's

collection] 

these differences increase carrier compatibility. Two Pratt & Whitney 
TF30-P-412A afterburning turbofan engines power the F-14A; this is a 
version of the same engine used in the F- ill. Repowering the aircraft 
with a more modern engine was originally planned; but so far, this has 
not taken place. 

Wing sweepback angle of the Tomcat varies in flight from 200 to 
68°; to decrease the space required for storage on the aircraft carrier, 
the wing span is further reduced by increasing the wing sweepback 
angle to 75°. Wing thickness ratio (in the streamwise direction) varies 
from 9 percent for the low sweep position to 5 percent for a sweep 
angle of 68°. An important difference in the wing geometry of the F-14 
and 17- 111 is shown in figures 11.28 (F- lilA) and 11.32 (F- 14A). In 
terms of the wing semispan in the low sweep position, the pivot of the 
F- 14Ais 10 to 12 percent farther outboard than that of the F- ill. Ac-
cording to the paper by Kress in reference 155, the more outboard 
pivot location results in a much reduced rearward movement of the 
center of lift with increasing sweep angle. As a consequence, trim drag 
is reduced and available pitch-control power is increased. The favor-
able effect of locating the pivot in the proper outboard position is, of 
course, in accordance with NASA basic research. (See chapter 10.) An 
interesting feature of the F-14A wing is the retractable vane located on 
the fixed portion of the wing; the vane is shown in figure 11.32 in both 
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the retracted (low wing-sweep) and extended (high wing-sweep) posi-
tions. The function of the vane is to reduce the rearward shift in the 
center of lift that accompanies an increase in Mach number from sub-
sonic to supersonic values. (See figure 10.15.) 

Leading-edge slats and trailing-edge flaps are used to improve ma-
neuverability at high subsonic speeds as well as to increase wing maxi-
mum lift coefficient at low speeds. The auxiliary flap shown in figure 
11.32 is used only at low speeds to increase maximum lift. In normal 
operation, the maneuvering flaps, wing-sweep angle, and vane position 
are automatically controlled by a computer in accordance with a stored 
program that utilizes inputs from several measured flight parameters 
such as angle of attack, static and total pressures, and temperature. 
Manual operation of the wing is also possible. Roll control of the air-
craft is provided by a combination of wing spoilers and differential de-
flection of the horizontal-tail surfaces. 

Although available performance information on the F-14A is 
sketchy, the data in table V show maximum Mach numbers of 2.4 at 

Inlet 

Fixed part of wing (glove) -1	 1	 ,,- Fuselage side 

Retractable vane 

Leading-edge slats

Movable part

of wing 

Spoilers .I	 I/	 /
Auxiliary flap 

Maneuvering and high-lift flaps 

Figure 11.32 - Approximate wing-planform shape of Grumman F-14A variable-sweep 

jet fighter.
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49 000 feet and 1.2 at sea level and a time of only 2.1 minutes required 
to reach an altitude of 60 000 feet. According to the Kress paper in ref-
erence 155, the maximum subsonic lift-drag ratio is about 15, which is 
much higher than the value of 8.58 given in table V for the F-4. 

The F-14 is armed with the Vulcan 20-mm rotary cannon for 
close-in combat and, depending on the mission, can carry a combina-
tion of Sidewinder, Sparrow, and Phoenix missiles. As many as six of 
the latter missiles can be carried on a combat-air-patrol mission. The 
attack radar is capable of tracking simultaneously 24 separate targets at 
ranges as great as 100 miles. (Drones have been hit at ranges of over 
100 miles with the Phoenix missile in practice missions.) All six of the 
Phoenix missiles can be fired together, and each can be guided to a 
different target. With a range of only 2 miles, the Sidewinder is used in 
short-range air-to-air combat, while the Sparrow with a 10-mile range is 
employed for more distant engagements. All the missiles are carried 
externally, but none are attached to the movable portions of the wing; 
hence, the complication of swiveling store-mounting pylons, such as 
used on the F- ill, is avoided. 

The Tomcat appears to be a fighter with very high performance 
and great operational versatility. By the beginning of 1980, about 400 
F-14 aircraft had been built. Included in this group were 80 units for 
Iran. The aircraft is still in production and is likely to remain so for a 
number of years. 

McDonnell Douglas F-15 Eagle 

Experience in the Vietnam conflict showed the F-4 Phantom II to 
have maneuvering performance inferior to that of the Soviet-built MiG-
21. In response to this finding, the USAF developed a set of require-
ments for a dedicated air-superiority fighter with a maneuvering capa-
bility greater than any existing or foreseeable-future fighter aircraft. 
McDonnell Douglas, North American Rockwell, and Fairchild-Republic 
submitted proposals in the ensuing design competition. McDonnell 
Douglas was chosen as the winner in late 1969, and the F-15 Eagle 
made its first flight onJuly 27, 1972. By mid-1980, 941 of these aircraft 
had been built or were on order, including units for Israel, Japan, and 
Saudi Arabia as well as those for the USAF. Iii addition to United 
States production, the aircraft is also being manufactured under license 
in Japan. 
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To understand the design of the F-15 and its unique capabilities, 
some insight into the meaning of maneuverability and its relation to 
several aircraft design parameters is necessary. 

Aircraft Maneuverability 

The maneuvering capability of an aircraft has many facets, but one 
of the most important of these is its turning capability. In a combat sit-
uation between two opposing fighters flying at the same speed, the air-
craft capable of turning with the shortest radius of turn without losing 
altitude usually has the advantage. This assumes equality of many other 
factors such as aircraft stability and control characteristics, armament, 
and, of course, pilot skill. 

In steady, turning flight the lift developed by the wing must bal-
ance not only the weight of the aircraft but the centrifugal force gener-
ated by the turn. (The term "balance" is used here in a vector sense; 
that is, the lift vector must equal the sum of the weight and centrifugal 
force vectors.) The load factor is defined as the ratio of the lift in the 
turn to the weight of the aircraft and is usually expressed in g units, 
where g is the acceleration due to gravity. Thus, a 2-g turn is one in 
which the wing must develop a lift force twice the weight of the air-
craft. The value of the load factor is uniquely defined by the aircraft 
angle of bank. For example, 2-g and 5-g turns require bank angles of 
60° and 78.5°, respectively. Finally, for a given bank angle and thus 
load factor, the turning radius varies as the square of the speed; for 
example, doubling the speed of the aircraft increases the turning radius 
by a factor of 4. It would then appear that two different aircraft flyiug 
at the same speed would have the same turning radius; however, this 
conclusion is not necessarily correct. The maximum load factor and as-
sociated turning radius may be limited by wing stalling. For a given 
speed and altitude, stalling occurs as a function of the wing maximum 
lift coefficient and the wing loading in straight and level flight. Clearly 
then, the turning capability of different aircraft types may vary widely. 

To give some physical significance to these qualitative ideas on 
turning performance, the variation with altitude of the maximum 
achievable load factor is shown in figure 11.33(a) for wing loadings of 
50 and 100 pounds per square foot; the corresponding variation of 
turning radius with altitude is shown in figure 11.33(b) for the same 
two wing loadings. The curves were calculated for a Mach number of 
0.85 and a limit maximum lift coefficient of 0.70. For a wing loading of 
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Figure 11 33 - Effect of wing loading and altitude on turning performance of a fighter 

aircraft. M = 0. 85, C L = 0. 7, constant altitude. 
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50 pounds per square foot, the structural design load limit of 7.33 g 
can be realized up to an altitude of nearly 15 000 feet; after which, the 
maximum lift capability of the wing limits the allowable load factor 
until only 2.3 g can be achieved at 40 000 feet. In comparison, the 
maximum lift capability limits the achievable load factor of the aircraft 
with a wing loading of 100 pounds per square foot at all altitudes, with 
straight and level flight at I  being just barely possible at 40 000 feet. 
The corresponding effects of wing loading and altitude on turning 
radius are equally dramatic, as shown in figure 11.33(b). 

The effect of wing maximum lift coefficient is inverse to that of 
wing loading; that is, increasing the maximum lift coefficient acts in the 
same way as reducing the wing loading. For example, increasing the 
maximum lift coefficient from 0.7 to 1.4 would shift the curve for a 
wing loading of 100 pounds per square foot to the exact position as 
that occupied by the curve for a wing loading of 50 pounds per square 
foot and a maximum lift coefficient of 0.7. At a given Mach number, 
the maximum lift coefficient depends upon the wing-planform shape, 
the airfoil section, and the type of maneuvering flaps used if any. To 
further complicate the picture, the maximum lift coefficient also varies 
with Mach number in a manner that again depends upon the wing 
design parameters. The message of figure 11.33, however, is quite 
clear: the turning performance improves as the wind loading decreases 
and the maximum lift coefficient increases. 

Two other important aircraft physical parameters may also limit 
turning performance. First, at a given speed and altitude, the aircraft 
drag increases rapidly with lift coefficient; as a consequence, the avail-
able thrust may not be sufficient to balance the drag at some load fac-
tors that the wing can sustain. In this case the aircraft loses altitude in 
the turn, an undesirable situation in combat. As for maximum lift coef-
ficient, the drag rise with increasing lift depends upon the wing design 
and Mach number, as well as upon the added drag required to trim the 
aircraft at high lift coefficients. Finally, the turning performance may be 
limited by the control power available in the horizontal tail for trim-
ming the aircraft at the high maneuvering lift coefficients. 

These ideas are embodied in a technique for describing and speci-
fying fighter aircraft maneuverability. Known by the term "energy ma-
neuverability," the technique involves the specification of desired air-
craft climb and/or acceleration capability for various combinations of 
speed, altitude, and turning load factor. The quantity specified for each 
of these combinations is labeled "specific excess power" P and is 
simply the excess power available per unit aircraft weight as compared 
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with the power required to maintain constant altitude in the turn. As 
an illustration, a value of P of 500 might be specified for a 6-g turn at 
Mach 0.6 at an altitude of 25 000 feet. This simply means that suffi-
cient power is available in the aircraft to establish a steady rate of climb 
of 500 feet per minute while maintaining the specified turn. Alterna-
tively, the excess power could be used to accelerate to a higher speed 
while in the turn. 

For the first time, extensive use was made of the energy-maneuver-
ability technique in establishing the requirements that led to the 
McDonnell Douglas F-is Eagle air-superiority fighter. Values of P 
were specified for 13 combinations of speed, altitude, and g-loading at 
subsonic, transonic, and supersonic Mach numbers for the new fighter. 
In addition, maximum and cruise Mach numbers were specified, as well 
as landing, takeoff, and range requirements. 

Aircraft Description 

The McDonnell Douglas F-15 Eagle emerged from the complex 
and extensive set of requirements established by the USAF. Views of 
the all-weather single-place fighter are shown in figures 11.34 and 
11.35, and a sketch of the wing-planform shape is given in figure 
11.36. Configuration of the twin-engine aircraft is characterized by a 
high-mounted wing, twin vertical tails mounted at the rear of the short 
fuselage, and large, horizontal-ramp variable-geometry external-com-
pression inlets located on the sides of the fuselage ahead of the wing. 
The horizontal-tail surfaces are mounted in the low position on fuse-
lage extensions on either side of the exhaust nozzles. 

The data in table V show that, based on the design maximum 
weight, the wing loading of the F-15 is significantly lower and the 
thrust loading much greater than corresponding values for earlier fight-
er aircraft. At the lower weights to be expected during combat, wing 
loadings as lo' as 55 pounds per square foot and static thrust-to-
weight-ratios of as much as 1.35 might be expected. (As the Mach 
number increases at a given altitude, the thrust of the afterburning tur-
bofan also increases. For example, the thrust of the F-15 engine at sea 
level and Mach 0.9 is nearly twice the sea-level static value.) The values 
of these parameters represent a significant departure from previous 
fighter design philosophy and resulted from the energy-maneuverabil-
ity concepts employed in specifying the aircraft. Note that even at 
design takeoff weight, the aircraft is capable of sustained vertical flight. 
Maximum speeds are listed as Mach 2.54 and 1.21 at 40 000 feet and 
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Figure 11.34 - McDonnell Douglas F-15 Eagle twin-engine Jet fighter. [mfr] 

sea level, respectively. Service ceiling is 63 000 feet, and ferry range 
with maximum external fuel is 3570 miles. No other performance infor-
mation is available, but the aircraft undoubtedl y has outstanding per-
formance and maneuvering capability. 

The wing planform of the F-15, shown in figure 11.36, suggests a 
modified cropped delta shape with a leading-edge sweephack angle of 
45°. Ailerons and a simple high-lift flap are located on the trailing 
edge. No leading-edge maneuvering flaps are utilized, although such 
flaps were extensively analyzed in the design of the wing. This compli-
cation was avoided, however, by the combination of low wing loading 
and fixed leading-edge camber that varies with spanwise position along 
the wing. Airfoil thickness ratios vary from 6 percent at the root to 3 
percent at the tip. An interesting discussion of the wing design and the 
many trade-off studies involved in its finalization are contained in a 
paper by Niedling included in reference 155. 

Propulsion of the F-15 is supplied by two Pratt & Whitney 1`100-
PW-100 afterburning turbofan engines of 23 904/14 780 pounds thrust 
each. Developed especially for the F-15, these high-pressure-ratio en-
gines are reported to have much improved efficiency over earlier en-
gines for fighter aircraft.
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Figure 11.35 - Front view of McDonnell Douglas F-15 Eagle twin-engine jet fighter. 

[mfr] 

#uIroll 

Figure 11.36 - Approximate wing-planform shape of McDonnell Douglas F-15 jet 

fighter. 
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When employed as an air-superiority fighter, armament of the 
F-15 consists of a Vulcan 20-mm rotary cannon together with four Side-
winder and four Sparrow missiles. Although originally billed as a dedi-
cated air-superiority fighter, the F-iS is now replacing the Convair 
F-106 Delta Dart as an interceptor, and trials are being made of a 
ground-attack version of the aircraft known as the Strike Eagle. For this 
latter mission, some 16 000 pounds of external ordnance can be car-
ried. Certainly, the McDonnell Douglas F-15 Eagle will be an impor-
tant part of the USAF inventory for a long time to come. 

General Dynamics F-16 Fighting Falcon 

In February 1972, the USAF issued a request for proposal for an 
experimental, lightweight, low-cost, highly maneuverable day fighter 
with a Mach 2.0 capability. Although there was no assurance of a 
follow-on production contract, five companies submitted proposals; 
from these, General Dynamics and Northrop were selected to build 
prototypes to be used in a flyoff-type competition for selection of a 
final winner. The single-engine General Dynamics F-16 was eventually 
selected over the Northrop F-17; in January 1975, the USAF an-
nounced that the aircraft would be put into quantity production. (The 
twin-engine Northrop F-17 later became the basis for the Navy F-18 
Hornet. Descriptions of the F-18 can be found in refs. 161, 163, and 
200.) Seven other countries also selected the F-16 for their use, and 
production lines were established in both the Netherlands and Bel-
gium. According to reference 177, about 1800 aircraft had been built 
or ordered by 1980. First flight of the F-16 took place in January 1974, 
and it first entered squadron service with the USAF in January 1979. 

The F-16 Fighting Falcon is shown in figure 11.37, and a sketch of 
the wing-planform shape is given in figure 11.38. The aerodynamic 
configuration of the F-16 is a highly integrated synthesis of such com-
ponents as wing, fuselage, and inlet, with the aim of achieving maxi-
mum favorable flow interaction with subsequent optimization of overall 
performance. Configuration features include a cropped delta wing 
mounted near the top of the fuselage with large strakes extending for-
ward from the leading edge to the sides of the fuselage. A single verti-
cal tail is utilized together with a small fixed ventral fin located on the 
bottom of the fuselage (fig. 11.37). The all-moving horizontal tail is 
mounted in the low position and incorporates a small amount of nega-
tive dihedral.
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Figure 11.37 - General D)'narnlcs F—JO Fighting Falcon single-en gme jet fighter. [mfr] 

A fixed-geometry , chin-mounted inlet supplies air to the single 
Pratt & Whitne y  1`100-PW-200 turbofan engine, which is a variant of 
the same power plant utilized in the F-15. Since the forward portion of 
the fuselage provides some external flow compression, reasonable inlet 
efficiency is obtained even at a Mach number of 2.0. Good inlet effi-
ciency through a wide range of angle of attack is ensured by the loca-
tion of the inlet on the bottom side of the fuselage at a fore-and-aft 
location behind the forward intersection of the wing strakes with the 
side of the fuselage. 

As shown by figure 11 .38, the cropped delta wing blends into the 
fuselage sides with large strakes that extend forward from the wing 
leading edges. Vortexes generated b y these strakes help prevent wing 
stall at high angles of attack and thus increase the lifting capabilit y of 
the wing. Leading-edge sweepback angle is 45°, and the airfoil-section 
thickness ratio is 4 percent. Trailing-edge flaparons serve the double 
purpose of high-lift flaps and ailerons for lateral control. Leading-edge 
maneuvering flaps are deployed automaticall y as a function of Mach 
number and angle of attack. 

In some respects, the control s ystem of the F-16 represents a com-
plete departure from previous fighter design practice. Although con-
ventional-type aerod ynamic control surfaces are emplo yed, the control 
system utilizes a novel method of transmitting pilot commands to these 
surfaces. In previous fighter designs, some form of mechanical device 
linked the control stick and the rudder pedals to the hydraulic actuat-
ing s ystem that moved the control surfaces. In contrast, the F-16 uti-
lizes a fl y-by-wire system in which movement of the pilot's controls mm-
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Figure 11.38 - Approximate wing-planform shape of General Dynamics F-16jeIJigh/er. 

tiates electrical signals that activate the h ydraulic systems and cause the 
control surfaces to be moved in a prescribed manner. The fly-by-wire 
system is lighter, simpler, and more precise than the older mechanical 
s ystems, but it does raise questions relating to electrical s ystem reliabil-
ity. In the F-16, redundanc y is provided in the electrical generating 
and distribution equipment, and four dedicated sealed-cell batteries 
give transient electrical power protection for the fl y -b y -wire system. 
Two completely separate and independent h ydraulic systems supply 
power for actuation of the aerod ynamic control surfaces and other utili-
ty functions. 

Another novel feature in the control system of the F-16 is the in-
corporation of "relaxed static stabilit y ." This means that the inherent 
longitudinal stability is reduced, to a level traditionally thought to be 
unacceptable, by moving the aircraft center of gravity to a point very 
near the aerodynamic center of the aircraft. Tail load and associated 
trim drag are reduced by this process. Compensation for the loss in in-
herent aerodynamic stability is provided by a combination electronic-
h ydraulic stability augmentation system that senses uncalled-for depar-
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tures from the intended flight condition and injects corrective signals 
into the flight control system. 

Finally, the arrangement of the pilot's control stick is a radical de-
parture from standards that trace their origin to the early days of 
World War I. Traditionally, the fighter pilot's control stick used for ac-
tuation of the ailerons and elevators has consisted of a lever mounted 
on the floor of the cockpit between the pilot's legs. (There have, of 
course, been many variations in the detail design of the control stick.) 
On the F-16, the traditional control stick has been replaced by a short 
"side-arm controller" mounted on the right-hand console of the cock-
pit. The side-arm controller is a small-displacement pressure-sensitive 
handle that, together with the fly-by-wire system, gives the pilot the 
ability to exercise very precise control of the aircraft. To help prevent 
unwanted commands to the control handle, the pilot rests his right arm 
in a carefully designed support. In order to increase the pilot's toler-
ance to g forces, his seat is inclined 30° in the rearward direction with 
his legs in a raised position. 

The data in table V show the design gross weight of the F-16A to 
be 23 357 pounds, or only about half that of the F-15C. However, wing 
loading and thrust-to-weight ratio of the two aircraft are nearly the 
same. Little performance information is available for the F-16A; the 
limited data in table V do show, however, a maximum Mach number of 
2.02 at 40 000 feet and a ferry range of 2535 miles. 

Originally conceived as a simple air-superiority day fighter, the air-
craft was armed for that mission with a single six-barrel Vulcan 20-mm 
cannon and two Sidewinder missiles, one mounted at each wingtip. 
Over the years, however, the mission capability of the aircraft has been 
extended to include ground-attack and all-weather operations. With full 
internal fuel, the aircraft can carry up to 12 000 pounds of external 
stores including various types of ordnance as well as fuel tanks, 

The F-16 Fighting Falcon is an advanced and innovative fighter 
that, like the F-14 and the F-15, will be a part of the fighter scene for 
many years. 

British Aerospace A V-8A Harrier 

Discussed next is a totally unique aircraft that has an operational 
versatility unmatched by any other fighter in the western world. The 
British Aerospace Harrier can take off and land vertically like a helicop-
ter but, unlike the well-known rotary-wing machine, accomplishes this 
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vertical-flight operation b y means of a specially designed jet engine 
that is also able to propel the aircraft in forward flight at Mach num-
bers as high as 0.95 at an altitude of 1000 feet. An early prototype, 
known as the Hawker P-i 127, flew in 1960 and was the basis of a more 
refined aircraft that appeared later. Known as the Kestrel, a number of 
these aircraft were employed during the mid-1960's in a joint military 
evaluation of the VTOL fighter concept conducted by the governments 
of the United States, the United Kingdom, and the German Federal Re-
public. In the 1970's, the aircraft now called the Harrier entered the 
active inventory of several air forces. Of the same basic design, the pro-
gression from P-i 127 to Kestrel to Harrier was characterized by in-
creased power, weight, and performance. 

The Kestrel is shown in figures 11.39 and 11.40. This particular 
aircraft served in the joint United States, British, and German evalua-
tion; it was later used in extensive flight studies at NASA's Langley Re-
search Center. Toda y it may be seen in the National Air and Space 
Museum in Washington, D.C. A Harrier in service with the U.S. Marine 
Corps is shown in figure 11.41. The designation AV-8A is used to de-
scribe these aircraft. 

The Rolls-Royce (Bristol division) Pegasus turbofan engine is the 
key to the great versatility of the Harrier. Unlike other jet engines with 
only one jet-exhaust nozzle, the Pegasus has four exhaust nozzles; two 

Thrust-vectoring nozzles 

Figure 11.39 - British Aerospace Kestrel single-engine 1"TOL jet fighter. [NASA]
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NASA5Z$ 

Figure 11.40 - British Aerospace Kestrel in hovering flight. [NASA] 

Figure 1] 41 - British Aerospace Harrier single-engine I 7'OL Jet fighter. [ukn] 

are located on each side of the engine. The two front nozzles discharge 
unheated air compressed by the fan, and the rear nozzles discharge the 
hot jet exhaust. A rotating cascade of vanes is used in each nozzle to 
vector the thrust from a horizontal direction for high-speed flight to a 
vertical direction for hovering and vertical takeoff and landing. Inter-
mediate positions are used for short takeoff and landing (STOL) and 
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for maneuvering in combat situations. (This latter technique is referred 
to as VIFF, vectoring in forward flight.) The use of VIFF to enhance 
aircraft maneuverability and hence combat effectiveness was pioneered 
in flight studies at the Langley Research Center in the late 1960's and 
early 1970's. For rapid deceleration, the nozzles can actually be rotated 
past the vertical position to about 98°. The thrust-vectoring nozzles can 
be seen in the side of the fuselage in figure 11.39. 

Another key element in the Harrier concept is the method for con-
trolling the aircraft. When operated as a conventional airplane, the 
usual ailerons, rudder, and horizontal tail are used to generate aerody-
namic control moments about the roll, yaw, and pitch axes, respectively. 
In hovering flight and at low forward speeds, however, the aerody-
namic controls are ineffective, and reaction jets are used to provide the 
necessary control moments. At intermediate speeds, both reaction jets 
and aerodynamic controls are used. As indicated in figure 11.39, pitch 
jets are located at the nose and tail of the fuselage, a roll jet is at each 
wingtip, and a yaw jet is located behind the tail. The reaction jets uti-
lize compressed air from the high-pressure engine compressor and re-
spond in a proportional fashion to conventional movements of the con-
trol stick and rudder pedals. The control jets come into operation auto-
matically when the thrust-vectoring nozzles are rotated to any angle in 
excess of 20°. Control of the thrust-vectoring nozzles is exercised by a 
lever in the cockpit located alongside the throttle. 

Although the engine and reaction control system are the key ele-
ments that give unique operational capability to the Harrier, the air-
frame itself exhibits several interesting features. With 12° anhedral 
(negative dihedral), the 34° sweptback wing is mounted on top of the 
fuselage; like the wing, the all-moving horizontal tail has a large anhe-
dral angle (15°). The anhedral angles of the wing and horizontal tail 
are intended to minimize the aircraft rolling moments due to sideslip. 
Even so, at certain combinations of low speed and high angle of attack, 
aerodynamic rolling moments greater than the combined aerodynamic 
and reaction control power may occur if the angle of sideslip is allowed 
to exceed a prescribed value. To assist the pilot in maintaining the 
angle of sideslip within acceptable limits, a small yaw vane that pro-
vides a visual indication of sideslip angle is mounted on the fuselage 
just ahead of the windshield. 

The unusual landing gear of the Harrier is designed to avoid inter-
ference with the engine and thrust-vectoring nozzles. A single two-
wheel bogie is located in the fuselage behind the engine, and a single 
steerable nose-wheel is in front of the engine. Balancing outrigger 
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wheels mounted at the wingtips retract into the reaction control fair-
ings. (See fig. 11.41.) The wing anhedral angle minimizes the length of 
the outrigger landing-gear Struts. Also evident in the figure are the 
large side-mounted subsonic inlets that supply air to the 21 500-pound-
thrust engine. 

The fighter version of the aircraft is manned by a single pilot; a 
two-seat trainer with the full military capability of the single seater is 
also available. As with so many modern jet fighters, the Harrier is 
equipped with zero-zero ejection seats; that is, crew escape is possible 
on the runway at zero altitude and zero speed. 

The data in table V for the AV-8A version of the Harrier show a 
design gross weight of 18 000 pounds for VTOL operation and 26000 
pounds for STOL use. For the design gross weight as a VTOL aircraft, 
the thrust-to-weight ratio is 1.19 and the wing loading is 89.5 pounds 
per square foot. Maximum speed is listed as Mach 0.95 at an altitude of 
1000 feet, and 2.38 minutes are required to reach 40 000 feet; service 
ceiling is 48 000 feet, and ferry range with maximum external fuel is 
2070 miles. 

Primary mission of the Harrier as employed by the Royal Air Force 
is that of a ground-attack fighter-bomber. In this role, a variety of ex-
ternal ordnance with maximum weight up to 5000 pounds may be car-
ried, as well as two 30-mm cannons. The Royal Navy employs the air-
craft in a fleet air-defense role; in this capacity, Sidewinder missiles are 
carried in addition to the cannon and various external stores. In naval 
use, the Harrier employs a short takeoff technique from a small carrier 
equipped with a ski-jump launching ramp; after its mission and at a 
much reduced weight, the aircraft makes a vertical landing on the carri-
er. This mode of operation is referred to as STOVL, short takeoff and 
vertical landing. Although generally available information is far from 
complete, the Harrier was apparently employed with great effectiveness 
in the Falkland Islands dispute between Great Britain and Argentina in 
1982. 

At the present time, the British Aerospace Harrier is used by the 
Royal Air Force and Royal Navy, the U.S. Marine Corps, and the navies 
of Spain and India. By mid-1980, about 304 aircraft had been pro-
duced or were on order; of this number, 110 were in service with the 
U.S. Marine Corps (ref. 177). An improved version of the Harrier, 
known as the AV-8B, is now being sought by the Marine Corps. If pro-
cured in production quantity, this aircraft will be manufactured in the 
United States by McDonnell Douglas under an agreement with the Brit-
ish Aerospace Corporation. 
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Design Trends 
Described above are a few of the many jet-fighter aircraft devel-

oped in the past four decades. Major increases in performance and ca-
pability have taken place since the end of World War II. A quick over-
view of some of these changes is provided by the trends shown in fig-
ures 11.43 to 11.47. In these figures, several of the aircraft physical 
and performance characteristics tabulated in table V have been plotted 
as a function of years. The quantities shown are as follows: 

(1) Maximum speed, figure 11.43 
(2) Sea-level rate of climb, figure 11.44 
(3) Wing loading, figure 11.45 
(4) Thrust-to-weight ratio, figure 11.46 
(5) Maximum subsonic lift-drag ratio, figure 11.47 

An upper-bound, or envelope-type, curve enclosing all the data points 
is shown on each figure. As a reference mark, data are given on most 
of the figures for the North American P-Si propeller-driven fighter of 
World War II fame. The symbols used to identify the various aircraft 
are given in figure 11.42. 

Maximum Speed and Sea-Level Rate of Climb 

A major objective in fighter aircraft design over the years has been 
the achievement of ever higher maximum speeds. In figure 11.43, the 
upper-bound curve of maximum speed as a function of years clearly 

o Messerschmitt Me 262A 

o Gloster Meteor F. Mk. 4 

O Bell P-59A 

Lockheed P-80A 

1 McDonnell FH-1 

V North American F-86E 

1 Grumman F9F-6 

7 North American F-100D

17 Republic F-105D 

O Convair F-106A 

D Vought F-81­1 

O McDonnell F-4E 

o Northrop F-5E 

General Dynamics F-111D 

D Grumman F-14A 

McDonnell Douglas F-15C 

IQ Lockheed F-104G	 + General Dynamics F-16A 

Figure 11.42 - Symbols used in figures 11.43 to 11.47.
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Figure 11.43 - Trends in maximum sp eed for jet fighter aircraft. 

shows this trend and is characterized by a series of ever higher plateaus 
that correspond to different levels of technical capability. As compared 
with the North American P-51, the straight-wing fighter incorporating 
ajet engine raised the maximum speed plateau by about 100 miles per 
hour; the use of sweepback in a purely subsonic airframe raised the 
plateau by another 100 miles per hour. In the early 1950's, the upper-
bound curve shows an increase in maximum speed of about 700 miles 
per hour, or a doubling of the speed achievable in an operational fight-
er aircraft. The afterburning engine together with the major aerody-
namic innovations (discussed generally in chapter 10 and for individual 
aircraft in the present chapter) are responsible for this large increase in 
maximum-speed capability. Detailed airframe refinement and increased 
engine thrust are the ingredients in the upper-bound increments evi-
dent in 1958 and 1970. 

Like the maximum-speed trend, the upper-bound curve for sea-
level rate of climb shown in figure 11.44 is also characterized by in-
creasing plateaus. In contrast with the maximum-speed trend, however, 
the introduction of sweepback in a subsonic airframe resulted in no in-
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Figure 11.44 - Trends in sea-level rate of climb for jet fighter aircraft. 

crease in rate of climb. Unfortunately, rate-of-climb data are not avail-
able for the newer fighters. 

Wing Leading and Thrust-to- Weight Ratio 

The quest for ever increasing maximum speeds was a primary 
driver in jet-fighter development for many years. If maximum speed 
were the only requirement, wing loading and thrust loading (thrust-to-
weight ratio) might be expected to increase with time in a fashion 
closely related to the increase in maximum speed. In addition to maxi-
mum speed, however, both the wing and thrust loading of a new air-
craft must be chosen to satisfy a number of other, often conflicting re-
quirements. For example, landing and takeoff performance, range, sub-
sonic cruising speed, rate of climb, and maneuverability all exert, in 
varying degrees, an influence on the final choice of wing and thrust 
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Figure 11.45 - Trendi in wing loading for jet fighter aircraft. 

loading. Hence, the data defining the trend with time of these quanti-
ties would be expected to show a good deal more scatter than is evi-
dent in the speed correlation shown in figure 11.43. 

The expected increase in data dispersion is indeed shown in fig-
ures 11.45 and 11.46, which depict the variation in wing and thrust 
loading with years. Nevertheless, successively increasing plateaus of 
these quantities are shown to occur with the passage of time. As de-
scribed previously regarding the McDonnell Douglas F-15 Eagle, in-
creased aircraft maneuverability received great emphasis in the late 
1960's. The corresponding reduction in wing loading and increase in 
thrust loading are clearly shown by the trends in figures 11.45 and 
11.46 and indicate how new requirements can change these two impor-
tant aircraft design parameters. 

As a matter of interest, the maximum wing loading shown in figure 
11.45 is about 157 pounds per square foot; this value for the General 
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Figure 11.46 - Trends in thrust-to-weight ratio for jet fighter aircraft. 

Dynamics F-i 1 1D compares with about 49.2 for America's first oper-
ational jet fighter, the Lockheed P-80 Shooting Star. The correspond-
ing thrust loading for the P-80 was 0.33; by comparison, the thrust 
loading of the contemporary McDonnell Douglas F-15C is 1.07 at 
design gross weight. A much higher thrust loading is usually available 
under combat conditions at a reduced weight. 

Maximum Subsonic Lift-Drag Ratio 

Although aerodynamic data are not available for all the aircraft dis-
cussed in this chapter, a key aerodynamic indicator of subsonic cruising 
efficiency—the maximum lift-drag ratio—is shown in figure 11.47 as a 
function of years for the aircraft for which this parameter is given in 
table V. 

For those aircraft designed solely for operation at subsonic speeds, 
the maximum lift-drag ratio is higher than that of the North American 
P-51. For example, the Lockheed P-80 has a value of (L/D) m of 17.6 
as compared with 14.6 for the P-51; the swept-wing North American 
F-86 with its relatively low-aspect-ratio wing still has a maximum lift-drag 
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Figure 11.47 - Trends in maximum lift-drag ratio for jet fighter aircraft. 

ratio of about the same magnitude as that of the P-51. The compara-
tively high efficiency of the subsonic jet fighters is certainly due in part 
to the absence of large cooling drag increments and adverse propeller 
interference effects that characterize propeller-driven fighters. 

Once an aircraft incorporates the features necessary for even short-
duration flight at supersonic Mach numbers, however, the maximum 
subsonic lift-drag ratio is significantly reduced, as shown by figure 
11.47. The highly swept, thin, low-aspect-ratio wings characteristic of 
supersonic aircraft are largely responsible for the low values of maxi-
mum subsonic lift-drag ratio. Significantly, the General Dynamics 
F-ill D with its variable-sweep wing shows a maximum lift-drag ratio 
higher than that of the P-51 although its maximum speed is in excess 
of Mach 2.0. At supersonic speeds, the values of (L/D) max of fighter air-
craft are usually less than half of the subsonic values. The simultaneous 
achievement of satisfactorily high values of the maximum lift-drag ratio 
at both subsonic and supersonic speeds remains a major challenge in 
aircraft design. 

Concluding Remark 
Five important aircraft design parameters have been shown as a 

function of time in figures 11.43 to 11.47. Many significant fighter-air-
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craft improvements have been made in the past 40 years that are not so 
easily shown in trend figures. For example, fully powered controls to-
gether with sophisticated stability augmentation systems make the 
flying and handling qualities of the modern jet fighter much more trac-
table than those of its propeller-driven ancestors. Modern all-weather 
navigation and attack systems were unknown in 1945. The great power 
and light weight of the jet propulsion system combined with advanced 
airframe designs give the modern jet fighter a broad range of mission 
capability that embraces the spectrum from air-to-air interception to 
ground-attack operations. The list of improvements could be extended 
almost endlessly but will be terminated here with the following conclu-
sion: The modern jet fighter is an outstanding example of the develop-
ment and application of modern technology by the cooperative efforts 
of thousands of individuals in government, academia, and industry.
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Chapter 12 

Jet Bomber and Attack Aircraft 

Background 

O
ffensive military air operations against ground targets can be broadly 
divided into two major classes. First, strategic air power is employed 

to destroy the enemy's industrial base and necessary resources for 
conducting war, or for fear of reprisal, to deter military aggression by an 
unfriendly nation. Second, tactical air power is intended to provide 
broad support for military operations against specific targets in the battle 
area. The evolution of jet-powered aircraft optimized to fill these two 
vastly different military roles is discussed in this chapter. 

The first tentative expression of the concepts of strategic air power 
can be found in the sporadic and relatively ineffectual German air raids 
against London in World War I. First Zeppelins and later the notorious 
multiengine Gotha bombers were used in these raids. (See chapter 2.) 
The ideas and methods of strategic air power were vigorously es-
poused, refined, and implemented during the period between the wars 
by the disciples of such visionary prophets of air power as Douhet, 
Trenchard, and Mitchell. During World War II, the concepts of strate-
gic bombing were vigorously practiced by the air forces of the United 
States and Great Britain. The highly refined, four-engine propeller-
driven bomber was the universal instrument employed for this purpose 
by both countries. 

The ultimate long-range, strategic air weapon of World War II was 
the Boeing B-29 Superfortress (see chapter 5), which was used with 
such devastating effectiveness against the Japanese home islands during 
the last months of the war and which had the dubious distinction of 
dropping the first atomic bomb on Hiroshima in August 1945. Follow-
ing the end of hostilities, this highly efficient, long-range aircraft 
became the backbone of the United States Strategic Air Command 
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(SAC). Equipped with atomic weapons, SAC served then and serves 
now as a nuclear deterrent to massive aggression in any part of the 
world. An improved version of the B-29, the Boeing B-50, entered 
SAC in 1948. Finally, the six-engine Convair B-36 (the six reciprocat-
ing engines were later augmented by four jet engines) became a main-
stay in the SAC inventory in 1950. 

As described for fighter aircraft in chaper 11, however, the advent 
of jet propulsion, together with advanced aerodynamic concepts, of-
fered the promise of large increases in performance and operational ca-
pability of strategic bomber aircraft. These significant advances in tech-
nology sealed the fate of the large propeller-driven bomber and even-
tually banished it to total oblivion. Today, examples of this once ubiq-
uitous class of military aircraft are primarily relegated to museums, 
with a few still being flown and demonstrated at air shows by enthusi-
astic (and well-financed) collectors of antique aircraft. 

The German Arado 242 made its maiden flight in June 1943 and 
was the world's first jet-powered bomber; it saw limited action in the 
last year of World War II (ref. 201). The first operational jet bomber 
built in the United States entered service with SAC in 1948 and 
showed a speed advantage over the propeller-driven B-29 of more 
than 200 miles an hour. Phase-out of large propeller-driven bombers 
from first-line operational service, however, took place over a much 
longer period of time than was the case for the propeller-driven fight-
er; the last B-36 was retired from SAC in 1959, after which the United 
States heavy-bomber force was entirely jet powered. 

In contrast to the diversity of jet-fighter types developed following 
the end of World War II, the evolution of the jet bomber in the United 
States has been characterized by the development and production of 
only a few types. Since the late 1950's, only two entirely new large 
bombers have been built in this country. Neither of these aircraft was 
put into production. Escalating costs, increased reliance on interconti-
nental ballistic missiles, doubts as to the ability of the manned bomber 
to penetrate enemy airspace and survive attack by increasingly effective 
surface-to-air missiles, all played an interrelated part in limiting devel-
opment of new bombers. One body of opinion even suggested that the 
usefulness of the manned bomber had about reached an end. New air-
craft concepts and operational techniques, new weapons, and new elec-
tronic capabilities now seem to assure the continued effectiveness of 
the manned bomber; production of at least one new aircraft type is 
now planned. 
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JET BOMBER AND ATTACK AIRCRAFT 

The technical development of the large jet bomber for the USAF is 
traced in this chapter. Also included are brief descriptions of a number 
of jet-powered attack aircraft. Attack aircraft are employed in tactical 
and interdiction-type operations against enemy ground targets and 
have formed an integral part of military air power since the days of 
World War I. The lineage of these aircraft is more related to fighters 
than to strategic bombers, but they usually have lower performance 
than fighters and are not optimized for air-to-air combat. They are in-
cluded here to complete the picture of jet aircraft designed for offen-
sive military operations against ground targets. 

A number of the physical and performance characteristics of the 11 
aircraft discussed are presented in table VI in appendix A. The quanti-
ties given are defined in the list of symbols provided in appendix B 
and, in most cases, require no further explanation. A further clarifica-
tion of certain of the characteristics, however, seems desirable. A multi-
tude of range-payload combinations are possible for all the aircraft. 
The value of the payload W, given for each aircraft is for one specified 
type of mission with a radius R D. The mission radius is the distance at 
which the payload (e.g., bombs) can be delivered with sufficient fuel re-
maining for a safe return to home base. The ferry range R F is the total 
distance that the aircraft can fly with no disposable weapons payload 
and with maximum internal and external fuel load. Finally, the values 
of zero-lift drag coefficient and maximum lift-drag ratio given in table 
VI for some of the aircraft are based either on information obtained 
from industrial sources or on estimates by the author according to the 
methods given in chapter 3 of reference 176. 

Early Jet Bombers 
With an initial flight date of May 17, 1946, the Douglas XB-43 has 

the distinction of being the first jet-powered bomber to fly in the 
United States. Derived from the earlier propeller-driven XB-42, the 
XB-43 served as a useful test bed for several years but offered insuffi-
cient capability to warrant production. Prototypes of five, more capa-
ble, higher performance jet bombers were flown in 1947; two of these, 
the North American B-45 and the Boeing B-47, were selected for pro-
duction. The two aircraft are described in the following paragraphs. 

North American B-45 Tornado 

With a first-flight date of March 17, 1947, the North American 
B-45 Tornado was the first jet-powered bomber to be put into produc-
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tion in the United States and the first to enter operational service with 
the USAF. Two views of a B-45A are shown in figures 12.1 and 12.2, 
and physical and performance data for the more capable B-45C are 
given in table VI. The C model differed from earlier models of the B-45 
in several respects; the most obvious difference in the appearance of 
the C model was the 1200-gallon fuel tank mounted at each wingtip. 

The configuration of the B-45 is reminiscent of a World War II 
bomber equipped with jet engines instead of propellers driven by re-
ciprocating power plants. The unswept wing had an average airfoil 
thickness ratio of about 14 percent and was equipped with trailing-edge 
single-slotted flaps for lift augmentation in landing and takeoff. Lateral 
control was accomplished with the use of conventional ailerons. 

All control surfaces were h ydraulicall y boosted, and an electrically 
actuated tab on the elevator was used to maintain longitudinal trim. 
The aerod ynamic power of the trim-tab-elevator combination was so 
great that, in the event of an inadvertent maximum tab deflection, the 
pilots strength was insufficient to overcome the resulting large elevator 
hinge moments if the h ydraulic boost system failed or was turned off. 
Total in-flight destruction of at least one B-45, the aircraft operated by 

Figure 12.1 - North American B-45A jet bomber. [mfr via Martin Coppi 
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NACA and pictured in figure 12.2, was probably caused by this com-
bination of circumstances that resulted in a normal load factor far 
greater than the design value. The technology of power-assisted con-
trols was in its infancy at the time of development of the B-45, and 
much was yet to be learned about the effective and safe application of 
such control techniques. 

In performing the landing maneuver, pilots found that speed and 
flight-path angle during the approach as well as touchdown pointon 
the runway were difficult to control with precision because of the ab-
sence of speed brakes or some other means of increasing the drag of 
the aircraft. As a result of the low drag, only a small amount of engine 
thrust was required in the approach configuration. In this low thrust 
range, changes in thrust with throttle movement required a relatively 
long period of time and rendered control of flight path and speed dull-
cult. At higher thrust levels, changes in thrust with time were more 
rapid. Hence, higher aircraft drag and consequentl y higher required 
thrust would have been desirable in the approach and landing configu-
rations. As described in chapter 11, somewhat similar problems with 
speed control were experienced with the Messerschmitt Me 262, the 
first jet fighter to enter operational service. Again, experience taught 
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Figure 12.2 - North American B-45A Tornado jet bomber. [NASA]
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important lessons applicable to the design of later jet-powered bomber 
aircraft. 

Manned by a crew of four, the B-45 had two pilots seated in 
tandem under a transparent canopy, a bombardier located in the nose, 
and a tail gunner. Only the pilots were equipped with ejection seats. In 
an emergency, the bombardier, located in the nose of the aircraft, was 
expected to evacuate through a hatch located in the side of the fuse-
lage. To minimize the hazards associated with the high-velocity air-
stream, a fuselage flap was deployed ahead of the hatch to deflect the 
airstream away from the exiting bombardier. An escape hatch with de-
flector flaps was also provided for the tail gunner. Environmental con-
trol for the crew included pressurization, heating, and cooling. 

With a gross weight of 110 050 pounds, the B-45 was in the same 
weight class as the wartime Boeing B-29 (chapter 5) but had a maxi-
mum speed advantage over the B-29 of more than 200 miles per hour. 
A 10 000-pound weapon load could be delivered by the B-45 at a mis-
sion radius of 1008 miles. Ferry range of the aircraft was 2426 miles. 
The maximum lift-drag ratio of the B-45 was 16.3, about the same as 
that of the B-29, and its zero-lift drag coefficient was a much lower 
0.0160 as compared with 0.0241 for the earlier aircraft. 

The Tornado first entered service with the Strategic Air Command 
in November 1948, and final retirement of the type from operational 
service took place in 1958. Total production consisted of 139 units. 

Boeing B-47 Stratojet 

In concept, the Boeing B-47 was as revolutionary as the North 
American B-45 was conventional. The Stratojet was far ahead of any 
contemporary bomber in its performance and operational capability. A 
total of 2041 of these aircraft were manufactured, more than any other 
United States bomber built under peacetime conditions. As a key ele-
ment in the Strategic Air Command, the B-47 served in operational 
squadrons until withdrawn from service in 1966. The aircraft was used 
for various types of special operations, however, for at least another 10 
years. 

A three-view drawing of the B-47E is shown in figure 12.3, and 
photographs of the aircraft are presented in figures 12.4, 12.5, and 
12.6. Physical and performance data for the definitive version of the 
aircraft, the B-47E, are given in table VI. 
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Figure 12.3 - Three-view drawing of Boeing B-4 7E Siralojet bomber. [mfr]
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Figure 12.4 - Boeing B--17E Stratojet bomber. lrnfrl 

The configuration of the aircraft is characterized b (1) a thin, 
high-aspect-ratio sweptl)ack wing mounted iii the shoulder position 
near the to!) of the fuselage, (2) six jet engines mounted iii pods be-
neath the wing. and (3) an unusual bic y cle-t ype landing gear. 

Design of the wing featured an average thickness ratio of about 12 
percent, an aspect ratio of 9.42, and a sweephack angle of 350• Single-
slotted flaps located at the trailing edge provided high lift for landing, 
and conventional ailerons were used for lateral control. All control sur-
faces were h ydraulicall y boosted. Location of the wing near the top of 
the fuselage allowed the bomb load to he carried in the fiselage, be-
neath the wing and near the center of gravit y , and to be released 
through doors in the bottom of the fuselage without interference from 
the structure of the wing center section. Further, the shoulder position 
of the wing allowed adequate ground clearance for the engine nacelles. 

Design of the landing gear posed a problem that Icd to a novel 
solution not seen before on a production airplane. Wing thickness was 
not large enough to house the gear and, in addition, the high position 
of the wing would have resulted in long, heav y landing-gear struts. The 
solution of the problem was found in an unusual bic ycle arrangement 
in which a two-wheel bogie was located along the fuselage centerline in 
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Figure 12.5 - Boeing B-47 taking off with JA TO (jet-assisted takeoff,). [mfr] 

front of and behind the bomb bay. Small, retractable outrigger wheels 
extended from the inboard nacelles to assist in providing lateral bal-
ance while the aircraft was on the ground. The front bogie was steer-
able to give ground maneuverability. Details of the landing gear can be 
seen in figure 12.6. 

One of the most innovative features of the B-47 configuration, and 
one that was to have a marked influence on future civil and military 
aircraft of large size, was the engine mounting. The nacelles containing 
the engines were attached to pylons mounted to and extending below 
the wings. Two engines were mounted in each of two nacelles, one of 
which was attached through a pylon to each wing well outboard of the 
Fuselage. The other two engines were mounted singly in nacelles nearly 
flush with the wing and located near the wingtips. A number of advan-
tages may be cited for the engine arrangement pioneered by the B-47; 
o a mel v: 

(1) The engine nacelles are widel y separated from each other 
and the fuselage. Thus, the danger to the aircraft and other 
engines that results from the disintegration of one engine is 
reduced. This advantage is somewhat nullified in the B-47 
because two of the nacelles contain two engines.
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Figure 12.6 - Landing-gear arrangement of Boeing B-47 Stratojet bomber. [mfr] 

(2) The aircraft is easy to balance because the engines can be 
located near the aircraft center of gravity. 

(3) The weight of the engines mounted outboard on the wing 
reduces the wing bending moments in flight. 

(4) The engines are easy to maintain and can be readil y re-
moved because of their proximit y to the ground. 

(5) Since the engine inlets are usually outboard of the spray pat-
tern from the nose and main landing gear, the outboard 
wing mounting offers good protection from FOD (foreign 
object damage) to the engines when the aircraft is operated 
on the ground. 

A number of disadvantages may also be cited for the t ype of 
engine arrangement employed on the Boeing B-47, as follows: 

(1) Failure of an engine, particularl y during takeoff or climb, 
ma y produce large yawing moments that require immediate 
correction by the pilot. The magnitude of the corrective 
yawing moments required to counteract the unsymmetrical 
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thrust in the engine-out condition may determine the neces-
sary size of the rudder. 

(2) A small reduction in maximum lift coefficient may result 
from unfavorable interference effects in the nacelle-wing 
juncture and from the impingement of the nacelle wake on 
the wing at high lift coefficients. The wing-nacelle-pylon re-
lationships must also be carefully tailored, usually in wind-
tunnel studies, to eliminate or minimize any interference 
drag. A positive aerodynamic benefit, however, results from 
the pylons, which act somewhat like wing fences in alleviat-
ing the pitch-up problem so often found in aircraft with 
sweptback wings. 

(3) The addition of concentrated weights, such as engines or 
stores, is usually thought to reduce the wing flutter speed. 
The relationship of the engine center of gravity to the wing 
elastic axis as well as the dynamic coupling between the en-
gines and the wing strongly influence the effect of the en-
gines on the wing flutter speed. These, as well as other rela-
tionships, must be carefully tailored by a detailed process in-
volving mathematical analysis and wind-tunnel tests. By this 
means, a reduction in flutter speed can usually be avoided. 

(4) The dynamic loads imposed on the wing structure during 
operations on the ground are usually intensified by the con-
centrated engine masses mounted on the wings. 

The thin, high-aspect-ratio swept wing of the B-47 coupled with its 
long high-fineness-ratio fuselage contributed to the high aerodynamic 
efficiency of the aircraft. The maximum lift-drag ratio of about 20 is 
the highest of any aircraft yet considered in this book, and the zero-lift 
drag coefficient was a low 0.0148. Maximum speed is given in table VI 
as 607 miles per hour at 16 300 feet; the corresponding Mach number 
is 0.85, which is nearly 0.1 higher than that of the B-45. 

The very features that contributed to the high performance of the 
B-47, however, also introduced some new problems that have been 
present in the development of all subsequent large jet-powered multi-
engine aircraft. 

Aeroelasticity, the interaction of aerodynamic, elastic, and inertial 
forces, has formed a branch of aeronautical engineering for many 
years. Because of the flexibility of the long, thin elements of the B-47, 

365



QUEST FOR PERFORMANCE 

however, the need to consider aeroelastic effects in the basic aircraft 
design process assumed critical importance. For example, in static tests 
the total deflection of the B-47 wingtip was 17 feet from maximum 
positive to negative deflection. Areas in which aeroelasticity are impor-
tant are stability, control, loads, and, of course, flutter. 

Flutter is a phenomenon in which an aircraft or one of its compo-
nents, such as a wing or control surface, extracts energy from the 
moving airstream and converts it to a harmonic oscillation of the struc-
ture that may grow in amplitude until total destruction occurs. Flutter 
analysis and prediction is an arcane science in which flutter prediction 
and design for its avoidance have historically been the subject of de-
tailed mathematical analysis. Uncertainties as to the nature of oscillat-
ing air forces, however, as well as the complex participation of the 
entire aircraft in the various structural vibration modes made mandato-
ry the development of new experimental wind-tunnel techniques for 
studying these phenomena during development of the B-47. 

Flutter tests and analyses had usually been limited to individual 
components of the aircraft such as the wing plus aileron or horizontal 
and vertical tail surfaces. The aircraft as an entity was usually not con-
sidered in the determination of the critical flutter speed, nor was such 
consideration necessary. However, the concentration of large masses 
beneath the wings, together with the high degree of flexibility of the 
wings and other components of the aircraft, required that motions of 
the complete airplane be considered in determining the critical flutter 
speeds of the B-47. Both symmetrical and antisymmetrical flutter 
modes needed to be studied. In a symmetrical mode, each wing de-
forms in exactly the same way, and the motion of the wings is accompa-
nied by a vertical, up-and-down, and pitching motion of the fuselage. 
In antisymmetrical flutter, the wings on either side of the fuselage 
deform in exactly opposite directions, and the wing motion is accompa-
nied by a rolling and yawing of the fuselage. 

The wind-tunnel technique devised by the Boeing Company to 
deal with this complex problem is shown schematically in figure 12.7, 
which shows the cross-section of the wind-tunnel test section. A %-inch 
rod extended from the floor to the ceiling of the tunnel test section. 
The model was attached to a gimbal joint located at the center of grav-
ity. The gimbal allowed freedom in pitch and yaw, and was itself at-
tached to the vertical rod by an arrangement of rollers that allowed the 
model freedom in vertical translation. The snubber lines shown in 
figure 12.7 were used to arrest the vertical motion of the model if it 
became too large or uncontrollable. At each tunnel speed, the aircraft 
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Figure 12.7 - Sketch offlutter model mounted in wind-tunnel test section. 

model was trimmed so that the lift force balanced the weight of the 
model. Pitch trim was maintained as the tunnel speed varied by remote 
adjustment of a tab on the horizontal tail. Limited rolling freedom was 
provided by looseness in the gimbal joint and flexibility in the mount-
ing rod. The model was constructed in such a way as to simulate the 
stiffness and mass properties of the aircraft and, accordingly, was quite 
complex and expensive to design and build. 

The technique illustrated in figure 12.7 was successfully employed 
in the development of the B-47 as a means for identifying flutter-criti-
cal combinations of speed and altitude and development of design fixes 
for flutter avoidance. A detailed description of the technique is given in 
reference 173. The mounting rod limits the usefulness of the technique 
to fairly low subsonic speeds because of aerodynamic interference ef-
fects associated with the formation of shock waves on the rod at high 
subsonic Mach numbers. The complete model flutter tests made on the 
B-47 were carried out in a low-speed wind tunnel, and the results were 
then adjusted for estimated Mach number effects. Later techniques de-
veloped by NACA and NASA allow flutter tests of complete airplane 
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models to be made at high subsonic and transonic Mach numbers in a 
wind tunnel especially designed for high-speed flutter investigations. 

Along with this rather general discussion of various engineering 
aspects of the B-47, a few more specific features of its design should 
be pointed out. The aircraft was manned by a crew of three. Two pilots 
sat in a tandem arrangement under a bubble-type canopy in a manner 
similar to that of a fighter; a bombardier-navigator sat in an enclosed 
compartment located in the nose of the aircraft. Upward-firing ejection 
seats were provided for the pilots, and the bombardier was equipped 
with a downward-firing ejection seat. Crew compartments were heated, 
ventilated, and pressurized. As fast or faster than most fighters, the 
Stratojet was equipped with only two 20-mm cannons situated in a re-
motely controlled turret located in the tail of the aircraft. Aiming and 
firing of these guns was the duty of the copilot whose seat could be 
rotated 180° to face rearward. 

For assistance in the landing maneuver, the B-47 was equipped 
with a drag chute that was deployed during the approach. The added 
drag of the parachute aided in controlling the speed and the flight-path 
angle during this phase of the landing maneuver. Once on the runway, 
a large braking chute was deployed to assist in stopping the aircraft. An 
interesting insight into the airport performance of the B-47 is provided 
by a comparison of its stalling speed of 175 miles per hour with the 
cruising speed of 182 miles per hour given in chapter 4 for the World 
War II B-17G. Not surprisingly, the length of hard-surface runways at 
military air fields increased dramatically in the years following World 
War II. 

Although the B-47 was equipped with six 7200-pound-thrust (with 
water injection) turbojet engines, the thrust-to-weight ratio at maxi-
mum gross weight was only 0.22, which, coupled with its high stalling 
speed, resulted in a long takeoff ground roll. To reduce the takeoff 
field length, the aircraft was initially equipped with 18 short-duration 
booster rockets. These units were an integral part of the aircraft and 
were known by the acronym JATO (jet-assisted takeoff). Nine JATO 
nozzles were located on each side of the fuselage; they may be seen in 
figure 12.4 just ahead of the national insignia. On some later versions 
of the aircraft, weight was saved by replacing the integral JATO units 
with a jeuisonable external rack containing the rockets. In this installa-
tion, 33 rockets of 1000 pounds thrust each were provided. A B-47 
taking off with a boost from the external JATO pack is shown in figure 
12.5. 
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By post-World War II standards, the B-47 was classified as a 
medium bomber; but with a gross weight of 198 180 pounds, the B-47E 
was far heavier than any bomber flown in World War II (the gross 
weight of the B-29 was 120 000 pounds), and it ranked second only to 
the 357 500-pound B-36D as the heaviest aircraft operated by the 
USAF in the early 1950's. Designed as a strategic bomber, the B-47 
also filled various other roles such as photo reconnaissance. In its 
design role as a strategic bomber, the B-47 could deliver a 10 845-
pound weapons load at a mission radius of 2013 miles. Ferry range was 
4035 miles (table VI). With air-to-air refueling, which became standard 
operating procedure following the close of World War II, both the mis-
sion radius and the ferry range were greatly increased, and targets in 
Eastern Europe could be reached from bases in the United States with 
sufficient range potential to allow safe return to friendly territory. 

In the strategic bombing role for which the B-47 was designed, 
weapons delivery at the target was originally intended to take place 
from high altitudes. By the mid-1950's, however, the increasing effec-
tiveness of methods for detecting aircraft at high altitudes, as well as 
the growing capability of surface-to-air missiles and fighter aircraft, re-
quired the development of new methods of weapons delivery. As a 
means of avoiding detection by radar, penetration of enemy airspace 
was to take place at high speed and at an altitude of only a few hun-
dred feet. At the target, the aircraft was to execute an Immelmann turn 
with weapons delivery taking place in near vertical flight. (An Immel-
mann turn consists of a half loop followed by a half roll from inverted 
to normal flight attitude at the top of the loop. A change of 180° in 
direction coupled with a gain in altitude are accomplished during the 
maneuver.) This method of weapons delivery was known as LABS (low-
altitude bombing system) and was intended to provide the aircraft a 
means for escaping destruction from the blast effects of its own 
weapon. 

Constant practice of the LABS technique subjected the B-47 fleet 
to the severe gust-load environment of high-speed low-altitude flight, 
as well as the maneuver loads associated with weapons delivery. The 
aircraft was not designed for this type of service. As a consequence, 
structural fatigue problems were encountered, and several aircraft were 
lost as a result of structural failure. At one point, the entire B-47 fleet 
was grounded for inspection and incorporation of necessary design 
modifications.
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Both the structural fatigue problem and the much greater capabil-
ity of the Boeing B-52, which began entering the inventory in 1955, 
played a part in the retirement of the B-47 from first-line service. Its 
life with the Strategic Air Command began in 1951 and ended 15 years 
later in 1966. 

The Boeing B-47 should be viewed as a landmark aircraft that es-
tablished a new technical plateau for large, multiengine, jet-powered 
aircraft. 

The Long-Lived Stratofortress 

The origin of the Boeing B-52 Stratofortress can be traced to 
design studies of a replacement aircraft for the very large propeller-
driven Convair B-36. Too complex to be traced here are the many 
interwoven facets of these studies. An interesting history of the Boeing 
B-52 may be found in a book by Walter J. Boyne entitled Boeing B-52—
A Documentary History (published by Jane's Publishing Co., 1981). First 
flight of the prototype B-52 took place on April 15, 1952, and now 
after more than 30 years, the type still serves as a major element of this 
nation's nuclear deterrent force. No more impressive tribute to the 
basic soundness of an aircraft design could be found. After a total pro-
duction run of 744 units, the last B-52 was delivered in October 1962. 
The aircraft first became operational in the Strategic Air Command in 
June 1955. 

The B-52 was produced in models A through H. A three-view 
drawing of the B-52G is shown in figure 12.8; photographs of a B-52H 
are presented in figures 12.9 and 12.10. The landing-gear arrangement 
is illustrated in figures 12.11 and 12.12; refueling of a B-52 by a 
Boeing KC-135 is illustrated in figure 12.13. As with so many success-
ful aircraft, the term B-52 encompasses a whole family of generically 
related types of similar appearance but with major and minor differ-
ences in systems, equipment, and performance. Physical and perform-
ance data are given in table VI for the last version of the aircraft, the 
B-52H. 

As seen in figure 12.8, the basic configuration of the B-52 is simi-
lar in concept to that of the B-47. The shoulder location of the swept-
back wing, wing-mounted engines, and bicycle landing gear are all 
reminiscent of the earlier aircraft. As shown in table VI, however, the 
B-52 is a much larger and heavier aircraft than its predecessor. 
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Figure 12.8 - Three-view drawing of Boeing B-52G Straloforiress bomber. [mfr] 
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Figure 12.9 - Boeing B-52H Stralofortress with Skybolt missiles. [mfr]
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Figure 12. 10 - Boeing B-52H Stratofortress with Hound Dog missiles. [mirl 
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Figure 12. 11 - Crosswind landing gear as seen on Boeing XB-52 StraloJortre3s. [ml r] 

The wing of the B-52 has a sweepback angle at the quarter chord 
of 350, an aspect ratio of 8.56, and airfoil thickness ratios that vary 
from 14 percent at the root to 8 percent at the tip (these thickness 
ratios are onl y approximate). Fowler-type single-slotted flaps for lift 
augmentation are located at the trailing edge of the wing. These large 
flaps may be seen in figure 12.11. Hydraulically actuated spoilers are 
used for lateral control and, in the symmetrically deployed configura-
tion, assist in flight-path control during landing approach and braking 
during rollout. On the A through F models of the aircraft, lateral con-
trol was provided by the spoilers working in conjunction with conven-
tional ailerons. Wing area of the B-52 is 4000 square feet, nearl y three 
times larger than that of the B-47. 

Elevators and rudder, both of small chord, are used for longitudi-
nal and directional control. An aerodynamic servotab system actuates 
these surfaces in response to the pilot's control inputs. A hydraulically 
adjustable stabilizer is used for trimming the aircraft longitudinally. 
This surface has sufficient aerodynamic power to rotate the aircraft on 
takeoff; the B-47, which did not have an adjustable stabilizer, could not 
be rotated and was flown off the runway at the attitude angle imposed 
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Figure 12.12 - Front landing-gear units of Boeing B-52 Slratofntre'.ss. [mfr] 

by the bicycle landing gear. The far forward position of the aircraft 
center of gravit y relative to the rear bogie requires an aerodvnahic 
moment for rotation much larger than could be provided by the small, 
manuall y actuated elevators. 

The landing gear of the B-52 is of the same bic ycle arrangement 
as employed on the B-47 but has four two-wheel bogies instead of the 
two bogies used on the earlier aircraft. Details of the landing gear are 
shown in figures 12.11 and 12.12. As compared with their location on 
the B-47, the outrigger wheels are positioned much nearer the wingtip 
on the B-52. (Compare photographs in figs. 12.11 and 12.6.) An inter-
esting feature of the B-52 landing gear greatly eases the problems 
posed by crosswind landings. Both the front and rear bogies can be set 
at angles of as much as 200 to either side of the straight-ahead posi-
tion. In a crosswind landing, consequentl y , the aircraft can be headed 
directly into the wind while rolling down a runwa y not aligned with the 
wind. In figure 12.11, the gear is shown set for a crosswind landing. 
Only the front bogies are used for steering on the ground. Although 
the wing spoilers obviate the need for an approach chute on the B-52, 
a 44-foot-diameter braking chute is provided for deplo yment in the 
landing rollout. The aircraft is not equipped with JATO units for use 
on takeoff. 
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Figure 12.13 - Boeing B-52G being refueled by Boeing KC-135 tanker. [mfr] 

All production models of the B-52 have been powered by eight 
engines located in pairs of two in four nacelles. All four of the nacelles 
are attached to the wings by sweptforward pylons that extend below 
the lower surface of the wing. Except for the B-52H, all models of the 
aircraft have been equipped with a version of the Pratt & Whitney J-57 
turbojet engine of about 13 750 pounds thrust. A fan version of the 
J-57, the TF-33 of 17 000 pounds thrust, powers the B-52H. This 
engine is essentially similar to the Pratt & Whitne y JT3D turbofan that 
powers the Boeing 707 and Douglas DC-8 commercial airliners. Much 
improved performance, particularly range and takeoff field length, re-
sulted from application of the turbofan engine to the B-52. 

The B-52 is normall y manned by a crew of six. Two pilots are 
seated side by side near the nose in a manner similar to a commercial 
transport. (The two protot ype aircraft had the pilots seated in a tandem 
arrangement similar to that of the B-47. This cockpit configuration can 
be seen in the photograph of the XB-52 shown in fig. 12.11.) On a 
lower deck beneath the pilots' compartment are seated the navigator 
and radar navigator. Behind the pilots on the upper deck are seated 
the electronic warfare officer and, on the G and H models, the gunner 
who remotely controls the guns located in the tail. On earlier versions 
of the aircraft, the gunner was ph ysicall y located in the tail end of the 
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fuselage. Movement of the gunner from the tail to a position behind 
the pilots removed this unfortunate individual from an isolated location 
that in turbulent air promised a ride similar to that of a high-speed 
roller coaster. Several types of tail guns have been employed on differ-
ent versions of the aircraft. A 20-mm six-barrel rotary cannon is in-
stalled in the tail location on the G and H models of the B-52. 

All crew stations are pressurized, heated, and air-conditioned. In 
the event of an emergency, means for crew escape is provided by 
upward ejection seats for those on the upper deck and downward ejec-
tion seats for those on the lower deck. For those versions of the aircraft 
in which the gunner was located in the tail, the entire tail capsule was 
separated in an emergency and the gunner was expected to fight his 
way clear of this unit and then complete his escape by a hand-operated 
parachute. Needless to say, the morale of the gunner was greatly in-
creased when he was relocated to a position behind the pilots. 

With a gross weight of 488 000 pounds, the B-52H is even today 
one of the heaviest offensive military aircraft operated by any nation in 
the world. Maximum speed of the B-52H is 639 miles per hour at 
20 700 feet, or a Mach number of 0.91, and cruising speed is 525 miles 
per hour. According to table VI, mission radius is 4480 miles with a 
weapons load of 10 000 pounds. Many other combinations of payload 
and range are, of course, possible. Range is, of course, greatly in-
creased by in-flight refueling. A B-52 being refueled by a Boeing KC-
135 is shown in figure 12.13. External configuration of the KC-135 is 
closely similar to that of the Boeing 707 commercial transport, de-
scribed in chapter 13. 

As an indication of the capability of the B-52 with in-flight refuel-
ing, a nonstop flight of 24 325 miles was made around the world in 
January 1957. The flight required 45 hours and 19 minutes. The unre-
fueled range of the aircraft may be judged by the world-record nonstop 
flight of 12 532 miles made by a B-52H on January 10 and 11, 1962. 
Average speed for the flight was 575 miles per hour, and elapsed time 
was 22 hours and 9 minutes. This world-record flight certainly attests 
to the high maximum lift-drag ratio of the aircraft, the low specific fuel 
consumption of the engines, and the large fuel capacity of the aircraft 
that, in normal operations, can accommodate an astonishing 47 975 
gallons of fuel. (An average American automobile could be driven 
12 000 miles a year for about 80 years on this quantity of fuel.) Fuel 
tanks are located in both the wing and fuselage, and a 700-gallon ex-
ternal tank is carried under each wing as can be seen in figures 12.9 
and 12.10. 
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The B-52 can carry a wide assortment of offensive weapons in-
cluding conventional "iron bombs," nuclear bombs, and a variety of 
missiles such as the ALCM (air-launched cruise missile) and the 
SCRAM (short-range attack missile). Four Skybolt ballistic missiles are 
mounted on the wings of the B-52H pictured in figure 12.9; this mis-
sile was not put into production. Two Hound Dog missiles are mount-
ed under the wings of the B-52H shown in figure 12.10. The Hound 
Dog is really a small jet-powered airplane with a range of up to 700 
miles and a maximum speed of Mach 2.1. A more detailed discussion 
of the offensive-weapon capability of the B-52 is beyond the scope of 
the present discussion, as is a description of the vast array of exotic 
electronic gear carried aboard the aircraft. 

Thankfully, the B-52 has never been called upon to deliver a nu-
clear weapon upon an enemy target. It served with distinction, howev-
er, during the Vietnam conflict. Operating from bases on the island of 
Guam, many thousands of tons of conventional bombs were dropped 
on targets in North Vietnam. From Guam to the area of conflict in-
volved a round-trip flight of nearly 5000 miles. Total mission times 
were in the order of 16 to 18 hours. Surface-to-air missiles as well as 
combat with enemy aircraft were always a possibility in the target area. 
Certainly, these missions were a severe test for both men and ma-
chines. 

The B-52 was originally designed for high-altitude weapons deliv-
ery over the target. Like the B-47, however, the increasing effective-
ness of enemy antiaircraft defenses required the development of low-
altitude high-speed penetration tactics for the B-52. Again like the 
B-47, the B-52 has suffered from its share of structural fatigue problems. 
To cure these problems, many modifications have been made to the 
aircraft during its long-lived career. But the B-52 lives on and is likely 
to form a major part of this nation's nuclear deterrent force for the 
foreseeable future. 

Two Pioneering Explorations 

Described next are two radically different aircraft, both of which 
were pioneer explorations into new realms of aeronautical technology. 
First discussed is the Convair B-58 Hustler. This aircraft was the first 
United States bomber to have a supersonic dash capability and re-
quired the development of much new technology. Although the B-58 
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was thought by many to be the harbinger of future generations of more 
advanced supersonic bombers, only about 115 of these unique aircraft 
were built, and they were quietly withdrawn from the SAC inventory 
after less than 10 years of service. 

The second aircraft discussed, the Martin P6M Seamaster, was 
hailed as the precursor of a new era in naval aviation. When the pro-
gram was terminated, however, only 12 aircraft had been produced and 
these never saw operational service. The Seamaster was the first and 
perhaps the last large jet-propelled flying boat to be developed in the 
United States. Perhaps the most advanced flying boat ever developed, 
the P6M had many advanced technical features worthy of examination. 

Convair B-58 Hustler 

Mission requirements for the Convair B-58 Hustler called for a 
subsonic cruise segment of several thousand miles followed by a super-
sonic dash (Mach 2.0) in the target zone of as much as 500 miles and, 
finally, a post-strike cruise segment. Diverse requirements such as these 
call for an aircraft of high aerodynamic efficiency at both subsonic and 
supersonic speeds, together with a versatile propulsion system capable 
of efficiently providing the required thrust in the different flight re-
gimes. Today's response to the B-58 mission requirements would no 
doubt be a variable-sweep configuration employing afterburning turbo-
fan engines. (See discussion of the 17- 111 in chapter 11 and of the B-i 
in a later part of this chapter.) Unfortunately, the technology for a 
practical variable-sweep aircraft did not exist in the early 1950's when 
the B-58 was being designed - nor did afterburning turbofan engines. 
The only possible way in which the difficult mission objectives could be 
met in that time period was with the use of in-flight refueling. 

As can be seen from figures 12.14 and 12.15, configuration of the 
B-58 was characterized by a delta wing and the absence of a horizontal 
tail. The wing had 60° sweepback at the leading edge, an aspect ratio 
of 2.09, and airfoil sections that varied in thickness ratio from 3.46 per-
cent at the root to 4.08 percent at the tip. Conical camber was em-
ployed in the leading edge to reduce drag at lifting conditions and thus 
increase cruising efficiency. (A conically cambered wing is one which 
has a leading-edge camber shape formed from part of the surface of a 
cone whose apex is located at the longitudinal plane of symmetry of 
the wing. The amount of camber accordingly increases progressively 
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Figure 12.14 - Convair B-58 Hustler bomber without auxiliary pod. [NASA] 
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Figure 12.15 - Convair B-58 hustler bomber with auxzliar%' pod installed. [mfr via

David A. Anderton]
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with spanwise distance from the fuselage.) Absence of a horizontal tail 
for trimming prevented the use of any trailing-edge high-lift devices. 
Elevons for pitch and roll control extended from the side of the fuselage 
to the outboard engine nacelles. All the controls were power operated. 

The four General Electric J-79 turbojet engines were located in in-
dividual nacelles suspended below the wings on sweptforward pylons 
- an arrangement analogous to that employed on the B-47 and B-52. 
Area ruling was employed in the high-fineness-ratio fuselage with the 
single vertical fin and rudder mounted at the rear. Crew members con-
sisting of pilot, bombardier-navigator, and defense-systems operator 
were housed in a tandem arrangement to aid in maintaining the de-
sired long, narrow shape of the fuselage. Each crew station was an indi-
vidual rocket-powered escape module capable of providing safe crew 
egress even at Mach 2.0. The entire crew compartment as well as the 
wheel wells and electronics bay were pressurized and air-conditioned. 
Cooling of the tires and electronic equipment was required because of 
the high temperatures generated by prolonged flight at Mach 2.0. 
Landing gear consisted of a tricycle design with each main gear having 
eight wheels arranged in two rows of four. The large number of wheels 
was used to maintain the landing-gear footprint pressure within accept-
able limits while, at the same time, allowing the use of small diameter 
wheels capable of being stored in the thin wing with only small fairings 
bulging from the lower wing surfaces. The conventional nose gear had 
two wheels; a braking chute was provided to assist in stopping the air-
craft on landing rollout. 

A comparison of figures 12.14 and 12.15 shows a large stream-
lined pod under the fuselage of the aircraft in the latter but no such 
pod in the former. The pod served the dual purpose of housing a nu-
clear warhead (bomb) and several thousand gallons of fuel. Large 
amounts of fuel were also carried in the wings and fuselage. The pod 
was divided into two main parts: the portion containing empty fuel 
tanks was to be jettisoned on the outboard flight to the target, and the 
other component containing the warhead, as well as additional empty 
fuel tanks, was then to be dropped at the target. The B-58 might thus 
be considered as a sort of two-stage system. Armament on the aircraft 
consisted of a single six-barrel 20-mm rotary cannon controlled by the 
defense-systems operator. 

To give a light, strong, stiff structure for the thin high-fineness-
ratio elements of the aircraft, the B-58 made extensive use of alumi-
num honeycomb panels. Most of the outer covering of the aircraft con-
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sisted of such panels having outer and inner aluminum skins bonded to 
a honeycomb of aluminum and fiber glass. In addition to its light 
weight, this type of structure had a smooth exterior surface. In service, 
however, problems were encountered in ascertaining and maintaining 
the integrity of the bonded joints. 

With a gross weight of 163 000 pounds and a maximum speed of 
1321 miles per hour (Mach 2.0) at 63 150 feet altitude (table VI), the 
B-58 was an impressive aircraft by any standard. This performance was 
dramatically demonstrated in a number of record flights. Perhaps the 
most notable of these was the May 26, 1961, nonstop flight of 3 hours 
and 19 minutes from New York to Paris. Average speed for the 3669-
mile flight was 1105 miles per hour; three in-flight refuelings by KC-
135 aircraft were required. Interestingly, almost 34 years earlier on 
May 20 and 21, 1927, Charles A Lindbergh required 33.5 hours to 
make the first nonstop flight from New York to Paris - a remarkable 
advancement in aeronautical technology during a time period of just a 
little more than three decades. 

In spite of the spectacular records set by the B-58, the data in 
table VI show that the aircraft was woefully deficient in range perform-
ance. Without in-flight refueling, the radius of action, including a 450-
mile supersonic dash, was only 1500 miles. With no supersonic dash, 
the maximum radius increased to 2000 miles, thus indicating the rela-
tively poor supersonic cruising efficiency of the aircraft. Ferry range at 
subsonic speeds was 4025 miles. With in-flight refueling, a target dis-
tance of 4300 miles, including a supersonic dash of 500 miles, was pos-
sible. After weapons delivery, the aircraft had a range of 1500 miles - 
hopefully enough to reach a friendly base but not enough to reach the 
point of departure. With in-flight refueling, ferry range was 6995 miles. 

The limited range capability of the B-58 can be directly traced to 
the compromises required in its aerodynamic design. The Mach 2.0 
dash requirement dictated the use of a delta wing with leading-edge 
sweep angle of 60° and a low aspect ratio of about 2. As a conse-
quence, the value of the maximum subsonic lift-drag ratio, without the 
fuel and weapons pod, was only 11.3 (compare this with the value of 
21.5 for the B-52G); an even lower value would be expected with the 
pod attached. The value of (L/D) m , at Mach. 2.0 was slightly greater 
than 5. Thus, the aircraft was not capable of efficient cruising flight at 
either subsonic or supersonic speeds. Aircraft configuration design for 
highly efficient cruising flight at subsonic speeds is well understood, as 
demonstrated by the B-47 and B-52 as well as by the numerous highly 
efficient jet transports described in the following chapter. Unfortunate-
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ly, the design of a highly efficient and practical supersonic cruising air-
craft still remains somewhat elusive although much progress has been 
made since the design of the B-58. Still more elusive is a configuration 
concept that enjoys high cruising efficiency at both subsonic and super-
sonic speeds, such as required by a commercial supersonic transport. 
Variable sweep, however, now offers a means for achieving good sub-
sonic cruising efficiency in combination with a reasonably efficient su-
personic dash capability. 

With the increased effectiveness of enemy detection and antiair-
craft capability discussed previously, the high-altitude Mach 2 method 
of weapons delivery became increasingly less viable, and an on-the-
deck method of attack became the preferred mode of operation. For 
this type of weapons delivery, however, the payload-range characteris-
tics of the B-58 were much inferior to those of the B-52. For whatever 
reason, the last B-58 was withdrawn from service in January 1970 after 
about 10 years in the active inventory. First flight of the aircraft took 
place on November 11, 1956; approximately 115 units were built. 

As a final comment, the B-58 represented a significant technical 
achievement in the 1950's time period, but the mission requirements 
called for innovations that far exceeded the technical state of the art 
then available. 

Martin P6M Sea master 

The evolution of the propeller-driven flying boat in America is 
traced in chapter 8. Although the U.S. Navy continued to operate a few 
flying boats as late as the mid-1960's, the era during which this pictur-
esque class of aircraft played an important role in civil and military 
aviation really ended with the close of World War II. As a last effort to 
prolong the usefulness of the military flying boat, the Navy sponsored 
development of a large, jet-powered boat for long-range, mine-laying, 
and reconnaissance duties. Operation from bodies of water in dis-
persed and remote locations, with minimum support facilities, was envi-
sioned as a means of avoiding the inherent vulnerability of large num-
bers of aircraft situated at congested air bases. With first flight on July 
14, 1955, the Martin P6M Seamaster was developed to fill the pre-
scribed role. 

The Martin Seamaster is shown in figures 12.16 and 12.17, and 
data for the YP6M-1 version of the aircraft are contained in table VI. 
Configuration of the aircraft featured a sweptback wing mounted near 
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the top of a single-step, high-length-beam-ratio hull. Two afterburning 
jet engines were located side by side in each of two nacelles mounted 
on top of the wing immediatel y adjacent to either side of the fuselage. 
(The afterburners, an unusual feature for it large subsonic aircraft, 
were for use on takeoff.) Inlets swept back at nearl y the same angle as 
the wing leading edge were found to be unsatisfactor y and, as shown in 
Figure 12. 16. unswept inlets were finall y adopted; exhaust nozzles were 
behind the trailing edge of the wing, as can be seen in both figures. 
The location of the engines was, of course, strongly influenced by the 
necessit y of minimizing spra y ingestion during operation on the water. 
The horizonal tail was positioned atop the vertical fin in a l' arrange-
ment and featured a pronounced positive dihedral angle. Impingement 
of both jet exhaust and spra y was minimized b y the tail configuration. 
Coupled with the large vertical tail, the positive dihedral of the hori-
zontal surface working with the negative wing dihedral gave the proper 
dihedral effect for the integrated configuration. The negative wing 
dihedral allowed the lateral balancing floats to be mounted flush 

Figure 12-16 - .11art,n 1P6.11-1 Seama,terJ1png boat not'ing at high speed on the 

water. [mfr via Lester Rose]
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Figure 12.17— In-flight view of Martin YP6M-1 SeamasterJlying boat. [Ray

Wagner via AAHS] 

against the wingtips with neither drag-producing mounting struts or 
pylons. 

The 400 sweptback wing had an aspect ratio of 5.53 and airfoil 
thickness ratios that varied from 11 percent at the root to 8 percent at 
the tip. Lift augmentation was achieved with trailing-edge flaps and 
with slats located over the outer portion of the leading edge; the slats 
can be seen in the deplo yed position in figure 12.16. Wing spoilers 
were used for roll control: elevators together with an adjustable stabi-
lizer were used for pitch control; and a single rudder was provided for 
control about the yaw axis. Maneuvering on the water was enhanced by 
hvdroflaps located on both sides of the hull afterbodv. When opened 
individually, these flaps served as rudders for directional control while 
symmetrical deployment provided braking. The h ydroflaps may be seen 
outlined in black in figure 12.17. 

The Seamaster crew consisted of a pilot, copilot, navigator-mine-
la yer, and radio armament-defense operator. All crew quarters were 
pressurized and each crew member was equipped with an ejection seat. 
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Armament consisted of two remotely operated 20-mm cannons located 
in the tail. The mine bay had a watertight rotary door, the outside of 
which served as part of the bottom of the hull. A rack for mounting 
mines or other types of stores was fastened to the inside of the door. 
Rotation of the door in flight provided the means for weapons delivery. 

With a gross weight of 167 011 pounds, the YP6M-1 was a large 
aircraft capable of attaining a maximum speed of 646 miles per hour 
(Mach 0.86) at 5000 feet and cruised at a speed of 540 miles per hour. 
Even higher performance was shown by the P6M-2, which had engines 
of higher thrust than those on the YP6M-1. From the data given in ref-
erence 200, the mission radius of the aircraft as a minelayer seems to 
have been about 800 miles with a payload of 30 000 pounds and 1350 
miles for the high-altitude reconnaissance role. Ferry range is estimated 
to have been about 3500 miles. 

In spite of the promising characteristics of the P6M, the Navy ter-
minated the program in August 1959 after 12 aircraft had been con-
structed, including 2 prototypes that had been lost. Shortage of funds 
coupled with demands of higher priority programs no doubt played a 
major part in the cancellation. The Seamaster was the last large flying 
boat developed in the United States, and many viewed its demise with 
regret and nostalgia. 

Search for a New Strategic Bomber 
Even before the first flight of the Boeing B-52, studies of its suc-

cessor were underway. As a means for reducing both weapons delivery 
time and vulnerability to enemy defenses, increasing speeds into the 
supersonic range seemed to offer the most favorable approach to the 
development of a more effective, large bomber aircraft. Although not 
too successful, the B-58 was a first result of this type of thinking. Next 
to appear was the impressive XB-70 Valkyrie supersonic bomber devel-
oped by North American Aviation - the same company that had al-
ready developed so many highly effective aircraft types for the armed 
services of the United States. A contract for this 521 000-pound Mach 
3.0 strategic bomber was signed on December 23, 1957. Discovery of 
new methods for configuring a supersonic aircraft so as to achieve fa-
vorable aerodynamic interference effects made supersonic cruising effi-
ciency much superior to that of the B-58 seem possible. 

A growing conviction that a Mach 3.0 aircraft cruising at 75 000 
feet had little chance of successfully penetrating enemy defenses, how-
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ever, resulted in cancellation of the program in 1961. Only two proto-
types were constructed, and these were used for flight research studies 
of the problems of large supersonic cruising aircraft. Initial flight of the 
first XB-70 took place on September 21, 1964, and the second one 
that flew about a year later was destroyed in a mid-air collision in 1966. 
A joint NASA-USAF flight research program utilizing the remaining 
aircraft extended over a period of several years. Last flight of the 
unique XB-70 was on February 4, 1969, when it was delivered to the 
Air Force museum in Dayton, Ohio, where it is now on displa y . The 
first protot ype XB-70 is shown in figure 12.18, and descriptive material 
on the aircraft may be found in references 127, 170, and 200. 

Although cancellation of the XB-70 program was seen by some as 
signaling the end of the manned bomber as an important weapon, 
others continued to feel that a new and more capable bomber was es-
sential for the defense of the United States. With due consideration of 
the state of existing and possible future technolog y in such areas as 
aeronautics, electronics, and weapons, detailed studies of the potential 
effectiveness of various types of aircraft and mission profiles were 
made. These studies extended over a period of several years and re-
sulted in the issuance of new bomber requirements and a request for 
proposal. On June 5, 1970, Rockwell International, the conglomerate 

Figure 12.18 - North American XB-70A supersonic bomber. [mfr] 
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that had absorbed North American Aviation, was awarded the contract 
for development of a new manned bomber to be known as the B-IA. 

Requirements for the B-IA called for high-efficiency cruising flight 
at both subsonic speeds and at a supersonic Mach number of 2.2. In 
addition, a low-altitude penetration capability at near-sonic speeds was 
specified. To reduce vulnerability while on the ground, takeoff and 
landing field lengths short enough to permit operation from air fields 
other than large, established SAC bases were also called for. Not sur-
prisingly, the configuration proposed by Rockwell incorporated vari-
able-sweep wings; this feature really offered the only viable means for 
meeting the mission requirements of the aircraft. The manner in which 
variable sweep can be used to adjust the aircraft configuration to meet 
requirements of different flight regimes is illustrated in figure 11.29. 

First flight of the prototype took place on December 23, 1974. By 
1979, four prototypes had been constructed with the fourth vehicle 
representing a fully operational aircraft complete with electronic sys-
tems installed. In the meantime, the B-IA production program was 
cancelled in June 1977 during the first year of the Carter administra-
tion. High cost of the aircraft perhaps tempered with some lingering 
doubts regarding its ability to successfully penetrate enemy defenses 
were apparently reasons for the cancellation. During the first year of 
the Reagan administration, however, the B-i program was revived, and 
production of a somewhat simplified and less costly version of the air-
craft is now planned. In this version, known as the B-1B, the Mach 2.2 
supersonic cruise requirement has been eliminated, and the maximum 
speed is limited to a Mach number of about 1.2 at high altitude. Be-
cause of a lack of definitive information on the B-1B, the following ds-
cussion is limited primarily to the B-IA version of the aircraft. 

The B-IA is shown in figures 12.19 and 12.20 with the wings in 
the high and low sweep positions, respectively. Maximum and mini-
mum sweepback angles are 67.5° and 15°, and the corresponding 
aspect ratios are 3.13 and 9.85. Maximum aspect ratio at the low sweep 
position is slightly higher than that of the B-52; the lower sweepback 
angle of 15° for the B-IA, as compared with 35° for the B-52, has a 
favorable effect on the drag due to lift. The outboard location of the 
wing pivots is in accordance with the NASA research findings discussed 
in chapter 10. The large-span single-slotted trailing-edge flaps as well 
as the full-span leading-edge slats are clearly visible in figure 12.20. 
The powerful leading- and trailing-edge high-lift devices together with 
the small minimum wing sweepback angle all contribute to the high-lift 
capability of the aircraft and the corresponding short landing and take-
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I'lgure 12.19 - Rockwell International B—IA bomber with wings in the maximum sweep 

position. [mfr] 

off field lengths. Not visible in the photographs are the wing spoilers 
that, together with differential deflection of the horizontal tail, are used 
for roll control. Symmetrical deflection of the spoilers is used to aid in 
deceleration on the landing rollout. 

Location of the two rectangular-shaped engine nacelles on the 
bottom of the fixed portion of the wing is shown in figure 12.20. Each 
nacelle contains two General Electric afterburning turbofan engines 
with bypass ratio of 2.0 and overall compression ratio of 27. The vari-
able-geometry inlets on the B-LA will be replaced by more simple and 
less costly fixed-geometry inlets on the B-IB. Position of the exhaust 
nozzles behind the trailing edge of the wing may be seen in figure 
12.20. The landing-gear arrangement is conventional and consists of 
four-wheel bogies on each of two main-gear struts and a two-wheel 
nose gear. 

Other features of interest include the small size of the fuselage, 
which is carefully area ruled and blends smoothly into the wings. A 
small fuselage wetted area is an important factor in achieving a high 
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Figure 12.20 - Rockwell International B—lA bomber with wings in the minimum sweep 

position. [mfr] 

value of the maximum lift-drag ratio. One of the small vanes located on 

either side of the nose of the aircraft can be seen in figures 12.19 and 

12.20 These vanes are part of a special "structural mode control

system." In response to signals received from sensors located in the 

aircraft, the vanes are actuated to aerodynamically attenuate gust-in-




duced normal accelerations in the cockpit. In a similar manner, yawing 

motions are suppressed by automatic actuation of the lower part of the 

three-piece rudder. Crew fatigue encountered in the rough air of low-




altitude high-speed penetration missions is reduced, and accurac y of

weapons deliver y is increased by the structural mode control system.


Normal crew of the B—IA consists of pilot, copilot, offensive-sys-




tems operator, and defensive-s ystems operator. Contrary to conven-




tional practice in large aircraft, the pilots are provided with fighter-type 

control sticks instead of the traditional control wheels. The power-actu-




ated control s ystem is tailored to give light control forces and rapid re-




sponse characteristics. For the first three protot y pes, the entire crew

compartment was ejected and lowered by parachute in the event that 
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crew escape was necessary. As a means of reducing aircraft costs, the 
fourth prototype had individual ejection seats; this type of escape 
equipment will be incorporated on all subsequent aircraft. No guns are 
carried on the B-i, but extensive gear for electronic warfare is provid-
ed. Various types of nuclear and conventional weapons can be carried 
in three internal bomb bays. Provision for mounting external weapons 
are also included. By careful attention to design, the radar signature of 
the B-i is only about 5 percent of that of the B-52; hence the B-i is 
much less visible to enemy radar than the earlier aircraft. 

According to table VI, the gross weight of the B-IA is 389 000 
pounds and the cruising speed is listed as 648 miles per hour (Mach 
0.85) at 50 000 feet. Gross weight of the B-IB is indicated by some 
sources to be about 476 000 pounds. No definitive range-payload data 
are available for either the B-1A or the B-1B. 

According to present plans, 100 B-IB bombers will be built, with 
the last aircraft to be delivered in 1988. Thus with the reactivation of 
the B-i program, the strategic bomber that traces its origins to the 
cumbersome Gotha and Handley Page biplanes of World War I seems 
assured of an important role in the front line of United States military 
power until well into the 21st century. 

An Air Force Night Intruder 
Korean war experience revealed an urgent USAF need for a high-

performance jet-powered night-intruder aircraft capable of precise 
nighttime and bad-weather weapons delivery on moving targets located 
hundreds of miles from home base. The need was considered so press-
ing that the time usually required for development of a new aircraft 
was deemed unacceptable. Hence, an existing "off the shelf" aircraft 
was sought to fill the mission requirements. From a number of candi-
date vehicles, including the previously discussed North American B-45 
Tornado, the English Electric Canberra bomber was selected to fill the 
USAF night-intruder role. Contracts for its license production in the 
United States were given to the Martin Company. 

The Canberra was originally developed in response to a British re-
quirement issued in 1945 for a high-altitude bomber. First flight of the 
aircraft took place in May 1949. The first Martin-produced Canberra, 
known as the B-57 in USAF nomenclature, made its initial flight in July 
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1953; before production of the Martin-built B-57 ended, 403 examples 
of the type had been produced. In England, total production of the 
Canberra was 984 units. By the summer of 1980, about three decades 
after the first flight of the Canberra, the type was still in the active in-
ventory of 12 countries. The aircraft is no longer in active service with 
combat units of either the USAF or the RAF although a few are still 
used by the United States Air National Guard. A number of B-57 air-
craft also fill a variety of utility roles with different United States Gov-
ernment agencies. An interesting account of the various versions of the 
B-57 is contained in reference 135. 

A Martin B-57A is shown in figure 12.21, and data for a B-57B 
are contained in table VI. As with so many of the early jet aircraft, con-
figuration of the B-57 was similar in concept to contemporary twin-
engine propeller-driven aircraft but with jet engines replacing the re-
ciprocating units. The unswept wing had a relatively low aspect ratio of 
4.27 and airfoil thickness ratios that varied from 12 percent at the root 
to 9 percent at the tip. With so low an aspect ratio, the maximum lift-
drag ratio might be expected to be very low. On the contrary, the large 

Figure 12.21 - Martin B-57A night intruder. [mfr via Martin Copp]
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surface area of the wing relative to that of the fuselage and other ele-
ments of the aircraft gave a low zero-lift drag coefficient of 0.0119 and 
a maximum lift-drag ratio of 15.0. Power was provided by two nonaf-
terburning Wright J65-W-5 turbojet engines of 7200 pounds thrust 
each. These Wright engines were an American-built version of the Brit-
ish Rolls-Royce Avon. The location of the engine nacelles is clearly 
shown in figure 12.21. Conventional rudders, ailerons, and elevators 
were used for control of the aircraft. Simple high-lift flaps were located 
in the wing trailing edge between the engine nacelles and the sides of 
the fuselage. 

The two-man crew of the B-57 consisted of a pilot and navigator-
bombardier-radar operator who were seated in a tandem arrangement. 
As compared with the B-57A shown in figure 12.21, later versions of 
the aircraft had an extended canopy to enhance visibility for both crew 
members. Pressurization, air-conditioning, and ejection seats were pro-
vided for the crew. Various types of weapons such as bombs and rock-
ets could be carried externally as well as in an internal bomb bay locat-
ed in the fuselage. A Martin innovation, not included on the British 
Canberra, was the unique rotary bomb door described in the section 
on the P6M flying boat. In the closed position, bombs were attached to 
the inner side of the door, and bomb release took place after the door 
was rotated through 180°. Armament consisted of eight .50-caliber ma-
chine guns. 

The B-57 is usually considered to be a light bomber; however, this 
classification must be related to the time frame under discussion. With 
a gross weight of 53 721 pounds, the B-57B was only 2000 pounds 
lighter than the Boeing B-17G, one of the standard heavy bombers of 
World War II. Mission radius of the B-57B was 948 miles with a pay-
load of 5240 pounds, and ferry range was 2722 miles. Maximum speed 
was 598 miles per hour (Mach 0.79) at 2500 feet and cruising speed 
was 476 miles per hour. Comparison of the data given in table VI for 
the B-57B and the B-45C shows that the performance characteristics 
of the two aircraft have many similarities. Being about twice as heavy as 
the B-57B, the B-45C carried nearly twice the payload for approxi-
mately the same mission distance. 

The Canberra class of aircraft has seen action in many wars, in-
cluding service with the USAF in Vietnam. More recently, it was used 
by the Argentine Air Force in the undeclared war with Britain in the 
Falkland Islands. Although the B-57 was originally procured by the 
USAF as a night intruder, it has been successfully used in many other 
roles, including photoreconnaissance and strategic bombing. No dis-

392



JET BOMBER AND ATTACK AIRCRAFT 

tinctive design innovations were incorporated in the purely subsonic 
B-57; however, its pertinent design parameters were chosen in such a way 
that the aircraft was readily adaptable to a variety of roles calling for 
diverse characteristics. 

Although not a technically exciting aircraft, the B-57 has certainly 
proved its worth in many years of effective operation. Because of its 
wide range of capabilities and docile handling characteristics, the B-57 
has sometimes been likened to a Goony Bird with jet engines. ("Gooriy 
Bird" is the nickname for the USAF version of the famous Douglas 
DC-3.) Could a more complimentary epithet be found for any aircraft! 

Three Navy Attack Aircraft 
Described next are three Navy attack aircraft (one is also used by 

the USAF) that appeared between 1954 and 1964. The three aircraft 
relied heavily on fighter technology of the 1950's, but in contrast with 
fighters of that period, none had a supersonic capability. Hence, none 
incorporated area ruling and none was equipped with afterburning en-
gines. All three aircraft were equipped with power-operated controls 
and arresting hooks for carrier operation; all had pressurized cockpits 
and ejection seats for crew escape. Designed under the restraints im-
posed by aircraft-carrier operation, the three differed primarily in their 
range-payload characteristics and the conditions under which they were 
expected to operate. Yet, just as with the fighters of the mid-1940's, 
they differed markedly in appearance. 

Douglas A-4 Skyhawk 

Designed as a light naval attack aircraft capable of delivering a nu-
clear weapon, the Douglas A-4 Skyhawk (A4D in the old Navy nomen-
clature) made its initial flight on June 22, 1954. When the last aircraft 
of this type rolled off the production line in February 1979, a total of 
2096 units had been produced in a remarkably long 25-year production 
history. These ubiquitous aircraft have been in the military inventories 
of nine different countries, one being the United States, and have seen 
action in numerous world trouble spots including Vietnam, the Middle 
East, and the Falkland Islands where they served with the Argentine 
forces. Although retired from United States Navy fleet use in 1976, the 
aircraft is still used extensively by various elements of the Navy and 
Marine Corps for training and utility purposes. The A-4 is also cur-
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rentiv flown by the famous Navy Blue Angels exhibition team. Approxi-
matel y 15 variants of the A-4 were produced during its long produc- 
tion life. Although primaril y a single-place aircraft, the Skvhawk has 
also been produced in a two-place trainer version known as the TA-4. 

Shown in figures 12.22 and 12.23 are two versions of the Skvhawk, 
and data for the A-4E are given in table VI. Configuration of the air-
craft is characterized b y a cropped delta wing of 330 sweepback mount-
ed in the low position on a short, stubby fuselage with a large vertical 
tail and dorsal surface. The horizontal tail is mounted part wa y up the 
vertical fin just above the wing chord plane extended and consists of an 
electrically actuated stabilizer and hydraulically powered elevator. The 
h y draulicall y actuated rudder is of a unique design, consisting of a 
single central skin with external riblike stiffeners. (See figs. 12.22 and 
12.23.) According to the interesting account of the development of the 
A-4 given in reference 164, this design feature was found to offer a 
solution to problems of rudder buffet or buzz. 

Two inlets mounted high on the fuselage just ahead of the wing 
supply air to the single Pratt & Whitney turbojet engine of 8500 

-	 . 

j	 - 
Figure 12.22 - Dougim .--/E 5k/iauk a/lurk alr(raJl. Peter C. Boisseaul 
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Figure 12.23 - Douglas A-4 Sk yhawk as used by the .Vav) Blue Angels aerobatic team. 
[Peter C. Boisseauj 

pounds thrust. Clearly shown in figure 12.23 are the boundary-layer di-
verters located just ahead of the inlets. The long landing-gear struts 
were dictated by clearance requirements for large stores carried be-
neath the wings on either side and between the main landing-gear legs. 
A braking chute was provided for use at shore-based landing facilities. 

For simplicity, the wing of aspect ratio 2.91 was built as a single 
unit with continuous top and bottom skins. It was so small that no fold-
ing was necessary for storage and movement on the aircraft carrier, an 
unusual feature in a Navy aircraft. Automatic leading-edge slats and 
trailing-edge split flaps were provided for lift augmentation. Outwardly 
extending speed brakes were mounted on either side of the rear of the 
fuselage. 

The Skvhawk is capable of carrying literall y hundreds of combina- 
(ions of external stores including fuel tanks, both conventional and nu-
clear bombs, rockets, and Sidewinder missiles. Armament consists of 
two 20-mm cannons, one of which is mounted in each wing root. 

The data in table VI show that the Skvhawk has a remarkably low 
gross weight of 18 311 pounds but can deliver a weapons load of 2040 
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pounds at a mission radius of 680 miles with two 300-gallon external 
tanks; unrefueled ferry range is 2130 miles. Maximum speed of the air-
craft is 673 miles per hour (Mach 0.88) at sea level, and cruising speed 
is 498 miles per hour. Ceiling is just over 40 000 feet. Certainly, the 
aircraft has an impressive performance for a lightweight attack aircraft. 

The Skyhawk was designed at a time when the complexity, weight, 
and cost of combat aircraft were escalating at an alarming rate. Under 
the supervision of designer Edward H. Heinemann, an intensive effort 
was made during the design and development of the aircraft to keep it 
light and uncomplicated (ref. 164). The effort paid off so well that the 
first version of the Skyhawk had a gross weight of only about 15 000 
pounds. Growth in capability resulted in the increase in gross weight to 
18 311 pounds shown in table VI for the A-4E. The light weight of the 
aircraft caused it to have at least two appellations: "The Bantam 
Bomber" and "Heinemann's Hotrod." The long production life of the 
Skyhawk, together with its widespread use in a variety of roles, attests 
to the basic soundness of the original design and its potential for 
growth and adaption to differing requirements. The Skyhawk should 
continue to be a familiar sight for many years. 

Grumman A-6 Intruder 

The Grumman A-6 Intruder was designed in response to a Navy 
requirement for a true all-weather attack aircraft capable of precision 
weapons delivery at night under conditions of zero visibility. These dif-
ficult mission specifications dictated a relatively heavy, twin-engine air-
craft manned by a crew of two, consisting of a pilot and a weapons-
systems operator, and equipped with a complex array of electronic gear. 

First flight of the A-6 (A2F-1 in the old Navy designation system) 
took place in April 1960, and the first squadron to use the aircraft was 
formed in early 1963. Operational sorties against North Vietnam were 
begun in 1965 from carriers located off the coast. The A-6 and its de-
rivatives have been in continuous production since 1960 and are still 
rolling off the production line at this time. A close relative of the A-6 
is the EA-6B Prowler electronic warfare aircraft, which first flew in May 
1968. The Prowler differs from the Intruder mainly in the amount and 
type of equipment carried and in the use of a four-man instead of a 
two-man crew. 

The A-6A is shown in figures 12.24 and 12.25, and physical and 
performance data are given in table VI for the more advanced A-6E. 
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Figure 12.24 - Grumman A-6.1 Inirwici al/-weather attack aircraft. [Arthur L.

Schoeni via AAHS] 

Configuration of the midwing subsonic aircraft features a 5.31-aspect-
ratio wing of moderate sweepback (25) and one turbojet engine nes-
tled on either side of the fuselage in the intersection of the lower wing 
surface and the fuselage side. Exhaust nozzles are located just behind 
the wing trailing edge, and, as can be seen in the figures, side-mounted 
inlets are low and far forward on the fuselage. A side-by-side seating 
arrangement accommodates the crew in the A-6. Clearly seen in the 
photographs is the refueling probe located on top of the fuselage just 
ahead of the cockpit canopy. To provide the lift augmentation neces-
sarv for carrier operations, nearl y full-span leading-edge and trailing-
edge high-lift devices are installed. The deplo y ed leading-edge slat can 
be clearly seen in figure 12.24. The trailing edge of each wingtip out-
board of the fold line splits to form speed brakes that deflect above 
and below the wing when deployed. As seen in figure 12.25, the outer 
portion of the wing folds upward to facilitate carrier storage. Also evi-
dent in the figure is one of the two short flow-control fences located on 
each wing. Spoilers are used for lateral control, and the longitudinal 
control surface is an all-moving horizontal tail. 

No guns of anykind are carried aboard the A-6, and the aircraft 
has no internal bomb bay. A wide variety of stores, however, can be 
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Figure 12.25 - (;rii,n,i,an .1-0.4 Intruder wit/i u'lng,s folded. [Arthur L. Schoeni via

AAHSI 

mounted externally; these include both conventional and nuclear 
bombs, fuel tanks, and an assortment of rockets and missiles. Two of 
the store-mounting stations are visible in figure 12.25. 

As shown in table VI, the A-6E is capable of a maximum speed of 
653 miles per hour (Mach 0.86) at sea level and a cruising speed of 390 
miles per hour. Although the wing loading of the A-6E is over 40 per-
cent higher than that of the A-4E, the stalling speeds of the two air-
craft are nearly the same, which attests to the effectiveness of the high-
lift devices on the A-6. The zero-lift drag coefficient of the A-6E is 
about 20 percent higher than that of the B-5711; however, the maxi-
mum lift-drag ratios of the two aircraft are about the same. The higher-
aspect-ratio wing of the A-6E compensates for its higher zero-lift drag 
coefficient in determining the maximum lift-drag ratio. 

As with all versatile attack aircraft, man y combinations of payload 
and mission radius are available to the A-6E. For example, a weapons 
load of 2080 pounds consisting of a Mark 43 nuclear bomb can be de-
livered at a mission radius of 890 miles. For that mission, four 300-
gallon external tanks are carried. Alternativel y , 10 296 pounds can be 
delivered at a mission radius of 450 miles with two 300-gallon external 
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tanks. Unrefueled ferry range is 3300 miles. Normal gross weight of the 
aircraft is 54 393 pounds, nearly three times that of the A-4E. 

The subsonic A-6 has no spectacular performance or design fea-
tures but is superbly suited to the particular attack role for which it was 
so carefully tailored. The A-6 Intruder and its close relative the EA-6 
Prowler will no doubt continue in service with the U.S. Navy and 
Marine Corps for the foreseeable future. 

Vought A-7 Corsair II 

As applied to an aircraft, the name Corsair has its origins in a 
series of famous biplanes built for the Navy by the Vought Corporation 
between World Wars I and II. Later, the name was applied to the 
famous Vought F4U series of fighters flown by Navy and Marine pilots 
during World War II. Discussed next is the modern-day descendant of 
these historic aircraft - the Vought A-7 Corsair H. 

The Corsair II was developed in response to a Navy requirement 
for a single-place, fair-weather subsonic attack aircraft capable of carry-
ing a much heavier weapons load than the Douglas A-4 Skyhawk. First 
flight of the new aircraft (Vought A-71)) took place on September 27, 
1965, and it has been in continuous production since then with a total 
of 1534 units produced by mid-1980. In addition to the Navy and 
Marine Corps, the USAF as well as air forces of two other nations op-
erate the A-7. The definitive versions of the aircraft are the USAF 
A-71) and the closely related Navy A-7E. An in-flight view of an A-7D is 
shown in figure 12.26, and a close-up view of an A-7E is pictured in 
figure 12.27. Physical and performance data are given in table VI for 
the A-7D. 

That the lineage of the A-7 can be traced directly to the Vought 
F-8 Crusader fighter is obvious from a comparison of figures 12.26 
and 12.27 with figures 11.19 and 11.20. Like the F-8, the configuration 
of the A-7 is characterized by a high wing, low horizontal tail, chin 
inlet, and short landing-gear legs that retract into the fuselage. Since 
the A-7 is a subsonic aircraft, however, no area ruling is incorporated 
in the fuselage, which is also shorter and deeper than that of the super-
sonic F-8. Because of the larger mass flow of the turbofan engine em-
ployed in the A-7, the size of the chin inlet is somewhat larger than 
that of the turbojet-powered F-8. These differences make the A-7 
appear shorter and more stubby than the earlier fighter. The A-7 is 
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Figure 12.26 - l'oughl .4— 7D USAF attack aircraft. [Arthur L. Schoeni via AAHS] 

Figure 12.27 - Close-up zicu' of Uought A-7E Vaz attack aircraft. [Peter C. 
Boisseau] 
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sometimes unofficially called the SLUF (Short Little Ugly Fella) by 
USAF crews. 

The wing of the A-7 is closely related in geometry and physical 
size to that of the F-8. (Compare data in tables V and VI.) Leading-
edge flaps and single-slotted trailing-edge flaps are fitted to the wing, 
as are upper surface spoilers located ahead of the flaps. Not used on 
the A-7 is the unique variable-incidence feature of the F-8 wing. The 
shorter length of the fuselage together with the slight "upsweep" of 
the underside of the afterbody (fig. 12.27) allow the A-7 to be rotated 
to a significantly higher pitch angle on takeoff and landing, without tail 
scrape, than was possible for the F-8. The higher available ground 
pitch attitude, together with the good augmentation capability of the 
high-lift system, no doubt played a large part in obviating the need for 
a variable-incidence capability in the wing. Speed brakes are located on 
the bottom of the fuselage about midway between the nose and the 
tail. A braking chute is provided for use in shore-based operations. 

Original power plant of the A-7 was a nonafterburning version of 
the Pratt & Whitney TF30 turbofan. This is the same engine that, 
equipped with an afterburner, powers both the F-ill and the F-14. 
Beginning with the A-71), however, the more powerful Allison TF41-
A-i turbofan was installed. An American-made version of the British 
Rolls-Royce Spey, the TF41-A-I has a bypass ratio of 0.7 and uses a 
five-stage fan. 

A wide assortment of external stores can be accommodated on the 
A-7. Eight store-mounting positions are provided. There are three 
pylons under each wing, and a single mounting station is located on 
each side of the fuselage. Two of the underwing pylons and one of the 
fuselage mounting stations are visible in figure 12.27. A total of 15 000 
pounds of stores can be carried. Table VI shows that 6560 pounds can 
be carried on a typical mission with a radius of 556 miles. A six-barrel 
20-mm Vulcan cannon is located on the left side of the fuselage near 
the bottom of the aircraft. A portion of the muzzle of the gun is visible 
below the word "intake" in figure 12.27. 

Although the A-7 was originally intended as a fair-weather aircraft, 
later versions (beginning with the A-713) were equipped with extensive 
electronic gear for all-weather operations. The various modes in which 
this equipment may be utilized in attack operations, along with many 
other aspects of the A-7 story, are discussed in reference 136. 

According to the data in table VI, the gross weight of the A-713 is 
a little more than twice that of the A-4E but is significantly less than 
that of the A-6E. Maximum speed of the A-71) is listed as 663 miles 
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per hour (Mach 0.89) at an altitude of 7000 feet. Stalling speed at max-
imum gross weight is a very high 174 miles per hour. For landing on 
an aircraft carrier following a mission, however, a weight much less 
than the maximum value, along with a reduction in stalling speed, 
would normally be expected. For example, with a weight of 23 000 
pounds, the stalling speed would be about 135 miles per hour. 

The A-7 is one of those aircraft with a demonstrated capability of 
performing well in a wide variety of missions. Other aircraft are faster 
or have a greater range-payload capability or have a faster rate of 
climb; sometimes, certain of these characteristics is deemed so impor-
tant that it dominates the entire design. What results is a "point-
design" aircraft that can perform one mission extremely well but is rel-
atively much less effective in any other mission. The design parameters 
of the A-7 were chosen so that the aircraft has great mission versatility. 
It was successfully employed in just about every conceivable attack role 
during the Vietnam conflict where it first saw action in 1967. 

Close-Air-Support Aircraft 

A need arose during the Vietnam conflict for a specialized aircraft 
capable of giving close air support to troops operating in the forward 
battle area. Needed was a heavily armed aircraft that could respond 
rapidly to a call for help and had the ability to destroy tanks, artillery 
batteries, and other types of enemy strongholds. Neither a fast aircraft 
nor one with long range was required; good maneuverability, extended 
loiter time in the battle area, and a lethal weapons load were needed. 
Low cost, easy maintenance with minimum turnaround time, and high 
survivability in the face of enemy ground fire were other characteristics 
desired. The aircraft was intended only for daytime operations in fair 
weather. 

Detailed requirements for such a close-air-support aircraft were 
issued by the USAF in May 1970. Fairchild-Republic and Northrop 
were given contracts for the construction of prototypes to be used in a 
flyoff competition from which a winner would be selected for produc-
tion. Fairchild-Republic with its A- bA was declared the winner in Jan-
uary 1973. First flight of the aircraft occurred in May 1972, and the 
first squadron to be equipped with the A-10A became operational in 
October 1977. The aircraft is still in production with a planned output 
of over 700 units. 
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The A-LOA, dubbed the Thunderbolt II, is shown in figures 12.28 
and 12.29. Configuration of the Thunderbolt II is like that of no other 
modern aircraft and, in some respects, seems to be a throwback to an 
earlier aeronautical age. The unswept wing is tapered only slightl y and 
is mounted near the bottom of the flat-sided fuselage, about midway 
between the nose and the tail. Airfoil sections vary in thickness ratio 
from 16 percent at the root to 13 percent at the tip. An aft-loaded 
camber line is used in the airfoil sections to improve turning perform-
ance at low speeds in the battle area. In effect, this camber line acts 
like a flap with a small permanent deflection. A single-slotted trailing-
edge flap is provided, and ailerons are used for lateral control. For aer-
odynamic braking, the upper and lower surfaces of the ailerons sepa-
rate and deflect above and below the wing. 

Two General Electric turbofan engines are contained in separate 
nacelles that are pylon mounted slightly above and to either side of the 
fuselage and behind the wing. The horizontal tail is below and to the 
rear of the engines; the vertical surfaces are at the tips of the horizontal 
tail outboard of the engines.. Serious exhaust impingement on both the 
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Figure 12.28 - Fairchild-Republic A-1 OA close-air-support aircraft. [USAF via

Martin Copp]
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Figure 12.29 - In-flight  view of Fairchild-Republic A-1 0A close-air-support aircraft. 

[USAF via Martin Copp] 

horizontal and vertical surfaces is avoided by this arrangement. Con-
ventional elevators and rudders are provided for pitch and yaw control, 
respectively. Main-landing-gear units retract into fairings below the 
wing, and the single nose-wheel gear is offset to facilitate optimum lo-
cation of the offensive cannon. The single pilot's cockpit is near the 
nose of the fuselage and is equipped with a zero-zero ejection seat. (A 
successful escape can be made at zero altitude and speed.) Protection 
of the cockpit area is provided by an armored "bathtub" constructed of 
titanium said to be able to withstand the impact of projectiles of up to 
23 mm in size. 

Primary armament of the A-jO is a large 30-mm seven-barrel 
rotary cannon. This impressive weapon can fire at a rate of either 2100 
or 4200 rounds per minute. Equipped with 1950 rounds of ammuni-
tion, the gun weighs 4041 pounds; its empty weight is 1975 pounds. 
The gun is positioned in the nose so that the firing barrel is always 
located on the centerline of the aircraft. Muzzle of the cannon may be 
seen protruding from the nose in figures 12.28 and 12.29. In addition 
to the formidable 30-mm cannon, four store-mounting stations are pro-
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vided under each wing and three are located beneath the fuselage. A 
wide assortment of different stores can be carried on the aircraft. With 
full internal fuel tanks, the maximum external load is a remarkable 
14341 pounds. 

The data in table VI show a maximum gross weight of 40 269 
pounds for the Thunderbolt II. With a payload of 9540 pounds, mis-
sion radius is 288 miles, including a 2-hour loiter period on station. 
Ferry range with no payload and maximum external fuel is 3510 miles. 
At a cruising speed of 329 miles per hour, time required for the single 
pilot to fly this distance is a little over 10 hours. Certainly a fatiguing 
flight, but not a remarkably long one for a single pilot. Maximum 
speeds for the A-10A given in table VI are comparable to those achiev-
able by the fastest propeller-driven fighters of World War II. 

Certainly the Thunderbolt II (sometimes irreverently referred to 
by crew members as the Warthog) will never reap any honors for ascetic 
appeal. Yet, given its unique mission requirements, a more practical 
design is difficult to envision. Its ultimate usefulness in a combat situa-
tion, however, has yet to be proven. 

Conclusion 

First discussed in this chapter were early jet-powered bombers 
that, from a technical point of view, were little more than World War 
II-type configurations powered with jet engines. Revolutionary new 
design concepts for long-range, high-speed subsonic aircraft were then 
pioneered by the large Boeing B-47 and, later, the B-52 jet-powered 
bombers. Because of continuing disagreement and debate over the rel-
ative effectiveness of manned bombers as contrasted with ballistic and 
cruise missiles, however, subsequent bomber development has been 
sporadic and has yielded no new advanced long-range subsonic aircraft. 
The further development and refinement of this class of aircraft has 
taken place in the field of civil transports. Evolution of this class of ve-
hicle, which has had such a profound effect on modern society, is dis-
cussed in chapter 13. Military explorations into supersonic bomber air-
craft have been largely unproductive. 

The attack aircraft discussed in this chapter do not represent any 
significant advancement in air-vehicle technology but have provided a 
useful capability to the armed services that far exceeds anything possi-
ble with propeller-driven aircraft.

405



Page intentionally left blank 



Chapter 13

Jet Transports 

Background 

T
he development and design features of jet transport aircraft from 
the pioneering DeHavilland Comet of 1949 to the wide-body jets of 

today are briefly described in this chapter. The particular aircraft dis-
cussed were selected because of their significance in the evolution of 
the modern jet transport, or because they are representative of an 
important configuration type, or because they are particularly success-
ful. No attempt is made to describe all the jet transport aircraft devel-
oped since the end of World War II. 

Successful jet transports tend to have long operational careers and 
are usually produced in many versions. Engine changes and improve-
ments, changes in wing area and high-lift systems, aerodynamic and 
structural refinements, and modernization of onboard systems may take 
place during the production life of a successful aircraft type. "Stretch-
ing" is another modification technique frequently employed. In this 
case, the fuselage is lengthened by the addition of "barrel sections" so 
that the passenger capacity of the aircraft is accordingly increased. A 
description of the sometimes numerous versions of a particular aircraft 
is beyond the scope of the present discussion. A representative version 
of a particular aircraft will be described here; information on the differ-
ent versions may be obtained from the references contained at the end 
of this book. 

The aircraft discussed are listed in table VII (appendix A), togeth-
er with some of their important physical and performance characteris-
tics. Although the terms used in table VII are defined in the list of sym-
bols given in appendix B, clarifying remarks about several of these 
quantities are in order. The range-payload diagram is so fundamental 
to the understanding of transport aircraft performance that a brief de-
scription is provided at this point. A hypothetical range-payload dia-
gram is given in figure 13.1 in which the range is plotted on the abscis-
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sa; and the payload, on the ordinate. Point B corresponds to maximum 
aircraft gross weight and maximum payload weight with all available 
seats and cargo space filled but with fuel tanks only partially filled. The 
gross weight of the aircraft remains the same along the line segment 
BC, but fuel weight is exchanged for payload weight; that is, payload is 
off-loaded and the fuel tanks are completely full at point C. Along the 
line segment D, increases in range are achieved by further reductions 
in payload although no additional fuel can be carried, and the gross 
weight is lower than the maximum value. The gross weight of the air-
craft along line segment A is less than the maximum value, except at 
point B, and the fuel load is reduced as the range is reduced. No in-

Line segment A 

Maximum payload weight 
Varying gross weight 
Varying fuel weight

Point B 

Maximum gross weight 
Maximum payload weight 
Partially filled fuel tanks 

Point C 

Maximum gross weight 
Reduced payload weight 
Full fuel tanks 

-a 

-D ca 
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0 
>-

0

Line segment D -.-----------

Varying gross weight 
Varying payload weight 
Full fuel tanks 

Range, miles 

Figure 13.1 - Hypothetical range-payload diagram. 

408



JET TRANSPORTS 

crease in payload is shown along line segment A because all payload 
space is tilled. The range at maximum payload, point B, and the range 
and payload for full tanks, point C, are the two combinations of range 
and payload given in table VII. The range values given in the table are 
based on utilization of all fuel onboard the aircraft; thus no allowance 
is made for necessary reserve fuel to cover such contingencies as diver-
sion to an alternate airport, a missed approach, or holding in the vicini-
ty of an airport. All passenger-carrying airline flights are required to 
carry a specified amount of reserve fuel. One set of guidelines for de-
termining the necessary amount of reserve fuel is briefly discussed in 
appendix G. Two cruising speeds are given in table VII. The maximum 
cruising speed is given by the symbol V; the cost-economical cruising 
speed is denoted by Vce and is the speed for minimum cost per mile. 
The landing and takeoff field lengths given in the table are called FAR 
(Federal Air Regulations) field lengths and contain certain built-in 
safety margins. A simplified description of these field lengths is given 
in appendix H. Values of the zero-lift drag coefficient and maximum 
lift-drag ratio are not given for the aircraft listed in table VII. Such data 
are not generally available in the open literature because of the highly 
competitive nature of the modern-jet-transport business. Values of 
these quantities (estimated by the author according to the methods 
given in reference 176) are quoted in the text for several of the aircraft 
described, but these values should not be interpreted as necessarily 
being consistent with company estimates.	 - 

Pioneer Transports 
The age of jet transportation began on May 5, 1952, with the inau-

guration of scheduled service from London to Johannesburg, South 
Africa. Later in the year, service was established from London to 
Ceylon and from London to Singapore. Then, in April 1953, scheduled 
flights were begun from London to Tokyo, a distance of 10 200 miles. 
The flying time was 36 hours, as compared with 85 hours for the pro-
peller-driven aircraft then in use on the route. The pioneering jet 
transport that began commercial operations in 1952 was the DeHavil-
land Comet 1. 

The design of the Comet airliner had its origins in the waning days 
of World War II, and the layout of the aircraft was completed in 1947. 
The first flight of the prototype took place on July 27, 1949, with John 
Cunningham as pilot. The performance and physical characteristics of 
the Comet 1A are given in table VII, and a three-view drawing of the 
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aircraft is presented in figure 13.2. A photograph of a Comet 3, similar 
in appearance to the Comet 1A, is given in figure 13.3. The configura-
tion of the Comet was not significantly different from that of contem-
porary long-range propeller-driven aircraft. A comparison of the char-
acteristics of the Comet given in table VII with those of the Lockheed 
Constellation given in table III indicates that the Comet was a some-
what lighter aircraft, had a lower wing loading and a wing of lower 
aspect ratio but had a cruising speed of 490 miles per hour at 35 000 
feet as compared with 331 miles per hour at 23 000 feet for the Con-
stellation. The range with maximum payload of 44 passengers was 
1750 miles. At a much reduced payload, a range of slightly over 4000 
miles was possible. By present-day standards, the Comet 1A was a 
small, relatively low performance aircraft. By comparison with other 
aircraft of the early 1950's, however, it was extremely fast. 

The Comet 1A was powered with four DeHavilland Ghost turbojet 
engines of 5000 pounds thrust each. The takeoff thrust-to-weight ratio 
was a very low 0.17. As a consequence of this low thrust-to-weight 
ratio, very precise control over the aircraft attitude was required during 
the takeoff roll to prevent overrotation and subsequent high drag and 
loss of acceleration. At least one aircraft was lost as a result of overro-
tation during takeoff. The four engines were mounted in the wing 
roots, two on each side of the fuselage. This engine arrangement has 
the advantages of placing the engines near the longitudinal center-of-
gravity position and of minimizing the asymmetrical yawing moment 
that accompanies loss of an engine during takeoff; at the time, it was 
also thought to be a low-drag arrangement. The proximity of the en-
gines to each other and to the passenger cabin, however, posed a pos-
sibly hazardous situation in the event one of the engines disintegrated. 
Engine disintegration was a very real concern in 1950. Engine mainte-
nance was also complicated by the wing-root mounting arrangement. 

The aerodynamic design of the wing was conventional except for 
the use of 20° of sweepback. The aspect ratio of 6.6 was low, as com-
pared with contemporary long-range propeller-driven aircraft. The 
high-lift system consisted in a combination of simple plain and split 
trailing-edge flaps. Some aircraft employed fences on the wings. The 
aerodynamic controls were hydraulically boosted. The passenger cabin 
was pressurized to maintain a cabin altitude of 8000 feet at an aircraft 
altitude of 40 000 feet. 

The Comet 1 was sold to British, French, and Canadian airlines, 
and it appeared that Great Britain had produced a truly outstanding 
new aircraft that would be sold in large numbers throughout the world. 
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Figure 13.2 - DeHavilland Comet airliner prototype. 

Prospects for the Comet dimmed, however, when three accidents oc-
curred in which the aircraft disintegrated in flight. All Comet 1 aircraft, 
over 20 in number, were withdrawn from service in 1954. Extensive 
laboratory studies were undertaken in an effort to diagnose the prob-
lem. Fatigue failure and subsequent rupture of the pressurized fuselage 
as a result of pressure recycling was finally identified as the cause of 
the accidents. The Comet was completely reengineered and emerged as 
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Figure 13.3 - DeHavilland Comet 3 airliner. [David A. Anderton] 

a much changed and improved aircraft in 1958. This version, identified 
as the Comet 4, was not really competitive with the new generation of 
jet transports coming into use at that time, and only 74 were built. 

The commercial success of the Comet was limited, but it was the 
first jet transport and represented a large step forward in our concepts 
of air transportation and its utility. It is unfortunate that the pioneering 
work of the designers and builders of the Comet was not rewarded 
with greater success. The Comet, in highl y modified form, survives 
today as a marine reconnaissance aircraft known as the Nirnrod. An in-
teresting account of the development of the various versions of the 
Comet is contained in reference 169. 

The 1111)01ev Tu-104 is the second of the pioneer jet transports. 
This aircraft was first flown on June 17, 1955, and went into scheduled 
airline operations in 1956 on the Moscow-Omsk-Irkutsk route. In 1957, 
an improved version of the aircraft, the 1'u-104A, captured a number 
of records for speed, altitude, distance, and load-carrying capability. 
The I'u-104 transport was developed from the "Badger" bomber and 
utilized the same wings, tail surfaces, engines and inlets, landing gear, 
and fuselage nose section as the earlier bomber aircraft. Figure 13.4 
depicts a Tu-104B, and the data in table VII are for this version of the 
aircraft. 

As can be seen in figure 13.4, the Tu-104B is a low-wing aircraft 
with a conventional tail arrangement and a wing incorporating pro-
nounced sweepback. The transparent nose adopted from the bomber 
version of the aircraft is clearly visible in the photograph. The two en-
gines that power the Tu-104 are located in nacelles that are faired into 

412



JET TRANSPORTS 

the wing roots. This arrangement is somewhat similar to that employed 
on the Comet; however, the nacelles are larger and the circular inlets 
extend forward of the leading edge of the wing, as contrasted with the 
leading-edge inlets on the Comet. The two main landing-gear struts 
are fitted with four-wheel bogies and retract rearward into pods on the 
wing. The aircraft has a seating capacity of 100 passengers arranged in 
a 5-abreast configuration. The sweepback angle of the aspect ratio 6.5 
wing is 400 from the root to about the midsemispan position and is 
37.5° from there to the tip. Each wing has two large fences located in 
the streamwise position on the top surface of each wing. One of these 
is at the position where the sweep angle changes, and the other is far-
ther outboard. As indicated in chapter 10, these fences help control the 
boundary layer and, hence, improve the stalling characteristics of the 
wing. Lateral control is provided by conventional ailerons that are op-
erated manually; manual longitudinal control is also used. The rudder 
is actuated hydraulicall y . The wings are equipped with trailing-edge 
Fowler-type flaps and have no leading-edge devices. A Fowler flap is 
similar to the double-slotted flap shown in figure 10.25(b), but without 
the small segment between the wing and the main portion of the flap. 

The Tu-104B is powered by two Mikulin turbojet engines of 
21 385 pounds thrust each. The engines are equipped with thrust re-
versers, although some of the earl y models did not have this equip-
ment. These early aircraft emplo yed two braking parachutes to assist in 
stopping the aircraft on landing. Insofar as can be determined, no 
other commercial transport aircraft (except early versions of the Tupo-

Figure 13.4 - Tupolev Tu-104B airliner. [Fit. Intl.]
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1ev Tu-134) has utilized braking chutes as a routine operational proce-
dure. The gross weight of the aircraft is 167 551 pounds, which is 
somewhat heavier than that of the piston-engine transports at the end 
of the era in which these aircraft dominated the world's airlines. With 
the large turbojet engines, the thrust-to-weight ratio of the aircraft, 
0.26, is nearly as high as any of the large transports whose characteris-
tics are given in table VII. The wing loading of 84.8 pounds per square 
foot is relatively low compared with more modern designs; however, 
comparison of the data given in table VII for different aircraft indicates 
that the combination of low wing loading and relatively simple high-lift 
devices on the Soviet aircraft give stalling speeds comparable to those 
of more modern high-performance jet transports. 

The range of 1500 miles given in table VII for the Tu-104 aircraft 
with maximum payload places it in the short-range category. The cost-
economical and maximum cruising speeds are 497 and 590 miles per 
hour, respectively; these speeds correspond to Mach numbers of 0.75 
at 35 000 feet and 0.85 at 25 000 feet. 

The Tu-104 was built in a number of versions, and some are still 
in use on domestic routes inside the Soviet Union. Production of the 
aircraft ended after 250 units were constructed. The development his-
tory of the Tu-104 series of aircraft is completely described in refer-
ence 190. 

Both the DeHavilland Comet and the Tupolev Tu-104 were pio-
neers in a new and exciting concept of air transportation, and both 
have a well-deserved place in the history of aeronautical development. 
In many respects, however, the design of these aircraft reflected the 
philosophy of contemporary propeller-driven aircraft. For example, the 
low wing loadings, unsophisticated high-lift devices, and simple control 
systems are typical of high-performance propeller-driven transports. 
The need for high wing loadings and powerful high-lift devices in order 
to permit cruising at near maximum values of the lift-drag ratio, but at 
the same time retaining satisfactory stalling speeds, is discussed in 
chapter 3 of reference 176. The engine location on the Comet and the 
Tu-104 are no longer used on modern jet transports and must be con-
sidered obsolete for this type of aircraft. The advantages and disadvan-
tages of mounting the engines in the wing roots are discussed above in 
the description of the Comet. This aircraft, as well as the Tu-104, em-
ployed turbojet engines of relatively small diameter. The beginnings of 
the high-bypass-ratio turbofan engine with its large diameter fan poses 
an additional problem with the wing-root engine location because of 
the difficulty of integrating the large engine into the wing root. 
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First-Generation Transports 
In this section, three families of transports that were configured 

and sized to more fully exploit the unique capabilities of jet propulsion 
in commercial aircraft are discussed. These aircraft were responsible 
for the beginnings of the revolution in air transportation caused by the jet 
transport, and the configuration concepts of these designs have had a 
lasting influence on jet transport aircraft. 

Boeing 707 

The Boeing 707 transport was the first of the long-range and, for 
its day, high-passenger-capacity aircraft that marked the real beginning 
of the revolutionary jet age in air transportation. Even today, many 
people consider the terms 707 and jet transport to be synonymous. 
The prototype of this remarkable aircraft first flew in July 1954, and an 
early production version first entered airline service in the fall of 1958. 
Over 900 Boeing 707 commercial transports have been built, but by 
1980 the 707 was no longer in production as a commercial transport. A 
tanker version of the aircraft, the KC-135, has been built in large num-
bers for the USAF; and the Airborne Warning and Control System air-
craft (AWACS) now being delivered to the Air Force utilizes the basic 
707 airplane. 

The prototype of the 707 was known in the Boeing Company as 
the model 367-80, and within the company it has always been referred 
to as the Dash-Eighty. The aircraft served as a test vehicle for the ex-
ploration and development of new ideas for many years. Finally retired 
in 1972, it was presented to the Smithsonian Institution. The aircraft is 
shown in figure 13.5, and a few of its characteristics are given in table 
VII.

A fully developed Boeing 707-320B is shown in figure 13.6, and a 
three-view drawing of this version is given in figure 13.7 The 707-
320B is the last version of the aircraft built solely for passenger use. 
The last variant produced was the 707-320C, which is similar in most 
respects to the B model but is fitted with a cargo door and strength-
ened floor structure; the aircraft may therefore be used for cargo or 
mixed cargo and passenger service. Data for the 707-320B are given in 
table VII. Specifications and performance data quoted below are for 
this version of the aircraft. 

The wing of the Boeing 707 is mounted in the low position at the 
bottom of the fuselage; this wing location has been preferred on trans-
ports designed for passenger use since the Boeing 247 and Douglas 
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Figure 13.5 - Boeing ,nodel 367-80, prototpe of Boeing 707 series transports. [mfr] 

DC-2 of the early 1930's. The wing has an aspect ratio of 7.1 and em-
ploys a 35° sweepback angle. This wing geometry provides a combina-
tion of good cruising efficiency at high subsonic speeds, low structural 
weight, and large internal volume for fuel. The main landing gear con-
sists of two struts to which are mounted four-wheel bogies. The land-
ing gear is attached to the wing and is retracted inboard into the thick-
ened juncture of the wing and fuselage. The nearly straight trailing 
edge of the wing near the fuselage is dictated by the required storage 
space for the landing gear in the retracted position. The two-wheel 
nose gear retracts forward into the fuselage. 

The four engines are mounted similarly to the manner pioneered 
by the B-47 bomber described in chapter 12. Each engine is contained 
in a single nacelle that is attached to the bottom of the wing by a 
sweptforward pylon. According to reference 182, consideration was 
given to mounting two engines in each of two nacelles; such an ar-
rangement was emplo yed in mounting the four inboard engines of the 
B-47. This engine configuration was abandoned on the transport be-
cause of the possibility that disintegration of one engine might cause 
failure of an adjacent engine. This possibility was apparently not ac-
ceptable on a passenger-carrying transport. Early versions of the 707 
were powered with turbojet engines. Several different engines were 
used, but most of these early aircraft employed the Pratt & Whitney 
JT3C engine, which is basicall y a civil version of the military J-57 tur- 
bojet used b y such aircraft as the Boeing B-52 bomber and the North 
American F-100 fighter. Most 707 aircraft manufactured since the early 
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Figure 13.6 - Boeing 707-320B airliner. [mfr] 

1960's, however, have been powered with a turbofan version of this 
engine. The Pratt & Whitney JT3D turbofan engine utilizes the same 
basic gas generator as the J-57 but has a front-mounted two-stage fan 
with a pressure ratio of about 1.8. The bypass ratio is 1.43, and the 
sea-level static thrust is about 19000 pounds. The fan discharges 
through a short duct that appears somewhat similar to a NACA cowling 
of the type emplo yed on many radial-type piston engines. The short 
duct can be seen in figure 13.6. Thrust reversers are emplo yed to assist 
in stopping the aircraft on its landing rollout. Reverse thrust may also 
be used to increase the rate of descent. The aerodynamic efficienc y of 
the 707-320B may be judged by the value of the maximum lift-drag 
ratio, which is estimated to be in the range from 19 to 19.5. This value 
Of (L/D) m is just slightly lower than the value of 20.0 given for the 
B-47 in table VI, primarily because of the lower aspect ratio of the wing 
employed on the 707. 

The 707-32011's wing loading is a relativel y high 111.6 pounds per 
square foot; however, the stalling speed is maintained at an acceptably 
low 121 miles per hour by the use of trailing-edge slotted flaps and 
leading-edge flaps. The lateral control system of the aircraft consists of 
a combination of spoilers and ailerons that are mixed in their use ac- 
cording to the speed regime in which the aircraft is flying. (See the sec- 
tion on high-lift s ystems in chapter 10.) The spoilers are also used for 
reducing the stopping distance of the aircraft on landing and for rapid 
descents in flight. Descent rates of as high as 15 000 feet per minute 
can be achieved by deployment of the spoilers and the use of reverse 
engine thrust.
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Figure 13.7 - Three-view drawing of Boeing 707-320B airliner. [mfr] 

The elevators and ailerons are aerodynamically balanced and are 
manually operated by aerodynamic servotabs. In this type of control 
system, the pilot's primary flight controls deflect tabs on the main con-
trol surfaces. The hinge moment of the control surface is altered by 
deflection of the tab, and, consequently, the floating angle of the sur-
face is altered. This change in angle of the main surface provides the 
necessary control moments for the aircraft. The spoilers and rudder on 
the 707 aircraft are operated hydraulically. Small changes in longitudi-
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nal trim are made with the use of trim tabs on the elevators. Large 
changes in trim, such as those caused by flap deflection, are balanced 
by adjusting the angle of the horizontal stabilizer. Movement of this 
surface is power actuated. 

The gross weight of the Boeing 707-320B is 336 000 pounds, 
nearly three times the weight of the Comet 1A. The cabin can be 
configured to carry a mix of first-class and tourist-class passengers or 
an all-tourist arrangement. In the all-tourist configuration, 189 passen-
gers can be accommodated. With a maximum payload of 53 900 
pounds, the aircraft has a range, without reserves, of 6240 miles; with 
full fuel tanks and a payload of 33 350 pounds, the range is 7975 miles. 
With this range capability, the aircraft is capable of connecting many of 
the important population centers of the world. The aircraft has a maxi-
mum cruising speed of 593 miles per hour at 30 000 feet and a cost-
economical cruising speed of 550 miles per hour at 35 000 feet; the 
corresponding cruising Mach numbers are 0.87 and 0.83, respectively. 
The takeoff field length on a standard day is a relatively long 10 000 
feet, which can be directly related to the low thrust loading of 0.23 and 
the high wing loading of 111.6 pounds per square foot. (See chapter 3 
of ref. 176.) 

By any measure, the 707 series of aircraft must be ranked as one of 
the most successful transports ever produced. The present fleet of air-
craft will no doubt fly on for many years in different parts of the world. 
Concluding this brief discussion of the Boeing 707 is the presentation 
in figure 13.8 of one of the Boeing 707 aircraft used by the President 
of the United States - perhaps one of the best-known aircraft in the 
world. 

McDonnell Douglas DC-8 and Other Four-Engine Transports 

The second long-range, high-passenger-capacity transport that, 
along with the Boeing 707, initiated the jet revolution in air transporta-
tion was the McDonnell Douglas DC-8 (originally the Douglas DC-8). 
This aircraft was ordered by Pan American World Airlines in 1955, and 
first flight was made in 1958. The aircraft entered airline service in 
August 1959. The DC-8 was built in many different versions; one of 
the principal modifications incorporated in the aircraft was a stretched 
fuselage to provide increased passenger capacity. Over 550 DC-8 air-
craft were built before production was terminated in 1972. 

In most essential respects, the basic configuration of the McDon-
nell Douglas DC-8 is the same as that of the Boeing 707. Early ver-
sions of the two aircraft were virtually indistinguishable except to 
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Figure 13.8 - Boeing 707 used b y the President of the United Stales. [mfr] 

someone very familiar with them. There were, of course, mans' differ-
ences in the detailed aerodynamic and structural design and in the sys-
tems employed on the aircraft. The McDonnell Douglas DC-8 Super 
63 is shown in figures 13.9 and 13.10, and some of the characteristics 
of the aircraft are given in table \II. As compared with earlier versions 
of the DC-8, the fuselage of the Super 63 has been stretched b y the 
addition of a 20-foot section ahead of the wing and a 17.8-foot section 
aft of the wing. Also, the wing span of the aircraft has been increased 6 
feet over that of the original DC-8. The wing and engine locations are 
similar to those used on the 707; however, the aspect ratio and sweep-
back angle are slightl y different. The main landing gear consists of two 
struts to which are mounted four-wheel bogies; the two rear wheels of 
each bogie can be put in a free swiveling mode to assist in making 
sharp turns on the ground. The main landing gear is mounted on the 
wing and retracts inward into the fuselage. The two-wheel nose gear 
retracts in a forward direction. 
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Figure 13.9 - McDonnell Douglas DC-8 Super 63 airliner. [mfr] 

Figure 13. 10 - Underneath view oJ McDonnell Doug/as DC-8 Super 63 airliner, [uitrj 

The aerodynamic efficiency of the DC-8 is indicated b y the maxi-
mum value of the lift-drag ratio, which is estimated to be about 17.9. 
The value of (L/D) max is lower for the DC-8 Super 63 than for the 707 
because of the DC-8's longer fuselage and consequentl y increased ratio 
of wetted area to wing area. The relationship between wetted area, 
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wing area, and (L/D) m is discussed in chapter 3 of reference 176. The 
loss in aerodynamic efficiency associated with the long fuselage is more 
than compensated by the increased passenger-carrying capacity and 
consequent reduction in direct operating costs per seat mile. 

The wing is equipped with trailing-edge double-slotted flaps and 
slats over the inboard sections of the leading edge. These high-lift de-
vices provide a lift coefficient that gives a stalling speed of 123 miles 
per hour at the maximum landing wing loading. The maximum landing 
wing loading is somewhat less than the value given in table VII, which 
is for maximum takeoff gross weight. The lateral control system con-
sists of inboard and outboard ailerons that are connected by a torque 
tube that acts as a torsion spring. The inboard sections are power op-
erated. The outboard sections only operate at the lower values of the 
dynamic pressure where they are needed. As the dynamic pressure in-
creases, the aerodynamic resisting moment of the aileron becomes 
greater in relation to the torque that can be transmitted through the 
torsion bar; hence, the aileron deflection is reduced. The amount of 
deflection of the outboard aileron varies smoothly with variation in dy-
namic pressure and, therefore, provides the desired variation of aero-
dynamic control moment with speed and altitude. The rudder is also 
power operated. Both the rudder and the ailerons have a manual rever-
sion mode in the form of aerodynamic servotabs. Elevator control is 
manual and makes use of an aerodynamic servotab. The variable-inci-
dence horizontal tail is power operated and is used for longitudinal 
trim. Wing spoilers are automatically deployed on landing by nose-
wheel contact with the runway. 

The gross weight of the DC-8 Super 63 is 358 000 pounds; in an 

all-tourist configuration, the aircraft seats 259 passengers in a 6-abreast

arrangement. With a maximum payload of 67 735 pounds, the range is 

4882 miles; and with maximum fuel, a payload of 37 101 pounds can 

be carried for a distance of 6997 miles. As can be seen in table VII, the 

cruising speeds of the DC-8 are about the same as those of the 707.


Recently, a number of DC-8 aircraft have been retrofitted with

modern CFM-56 high-bypass-ratio turbofan engines. Manufactured by 

GE Snecma, these engines have 22 000 pounds thrust and a bypass 

ratio of 6.0. The modified aircraft are designated DC-8- . 71, DC-8--72,

and DC-8-73 depending upon the 60-series aircraft from which they 

were derived. Improved performance and economy together with re-




duced noise are advantages resulting from installation of the new en-




gines. Characteristics of these modified aircraft may be found in refer-




ence 150. With retrofit of the new engines, the DC-8 has indeed re-
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ceived a new lease on life. Along with the 707, the DC-8 has been a 
workhorse of great productivity for many years; and although out of 
production, it will continue to be operated for a long time to come. 

Two other aircraft of this first generation of large jet transports 
are nearly the same in configuration as the Boeing 707 and the 
McDonnell Douglas DC-8. In fact, when seen at the airport, the Con-
vair 880 and 990 are often confused with one or the other of the more 
familiar 707 or DC-8 aircraft. The Convair 880 first flew in 1959, and 
the first flight of the more advanced Convair 990 was in 1961. The 
maximum cruising Mach number of the 990 is 0.89, which is the high-
est of any of the subsonic jet transports. The high cruising Mach 
number of the aircraft is due in part to the Whitcomb bumps on the 
trailing edge of the wing. The two pods mounted on each wing at the 
trailing edge make the aircraft readily identifiable and are used to in-
crease the critical Mach number as well as to augment fuel volume. 

Both the 880 and the 990 are somewhat smaller and lighter in 
weight than are the 707 and the DC-8. The gross weight of the 880 is 
192 700 pounds and that of the 990 is 253 000 pounds. The range of 
neither aircraft is really intercontinental, and the payloads are lower 
than those of the Boeing and Douglas aircraft. For these reasons, per-
haps, and because both aircraft became available to the airlines some-
what later than the 707 and the DC-8, only a relatively small number 
of Convair jet transports were built. Total production of the 880 was 
65, and 37 examples of the 990 were built. At this time, neither type is 
used in scheduled airline service in the United States. 

Sud-A via tion Caravelle 

The French Sud-Aviation Caravelle was the first really successful 
short-range jet transport to be developed in the western world. First 
flight of the prototype took place in May 1955, and the aircraft entered 
airline service in Europe in April 1959. As with most successful jet 
transports, the Caravelle was produced in a number of versions; a total 
of 280 aircraft of all versions were produced before production was ter-
minated in the early 1970's. Many are still in operation in various parts 
of the world. A Sud-Aviation Caravelle model Vi is depicted in figure 
13.11. The aircraft shown carries the markings of United Airlines, 
which operated a fleet of 20 Caravelles for a number of years. Charac-
teristics of the Caravelle VI-R are given in table VII. 

The primary technical significance of the Caravelle was its pioneer-
ing use of an entirely new and innovative approach in the integration 
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Figure 13. 11 - Sud-Aviation Caravelle short-range airliner. [United Air Lines] 

of the engines and airframe. Figure 13.11 shows that one of the two 
engines is mounted on either side at the aft end of the fuselage. This 
engine arrangement set the pattern for many future jet transport air-
craft of two-, three-, and four-engine design. When the engine loca-
tion proposed for the Caravelle was first made known, many engineers 
expressed doubts about the practicality of such an arrangement. For 
example, questions were raised about the operation of the engines in 
the wake of the wing as the aircraft approached a stalled condition, or 
the effect on engine operation of large angles of sideslip. The aft-
engine location, however, has proved to be highly workable. Some 
advantages and disadvantages of this aft-engine arrangement are as 
follows:

(1) The short lateral distance between the engines results in rel-
atively small yawing moments following the loss of an 
engine. The required vertical-tail size is accordingl y reduced 
as compared with that of an aircraft with wing-mounted en-
gines, such as the Boeing 707. 

(2) The rear location of the engines results in a relativel y low 
engine-noise level through most of the cabin. 

(3) Removal of the engines from the wing results in a small in-

424



JET TRANSPORTS 

crease in the maximum lift coefficient and elimination of 
wing-pylon-nacelle interference drag. The integration of the 
engines at the aft end of the fuselage, however, requires 
careful design in order to minimize interference drag in this 
area. 

(4) The location of the engines at the aft end of the fuselage, as 
compared with the underwing position, reduces the problem 
of interference between the engines and the ground, a prob-
lem that becomes particularly important as the size of the 
aircraft is reduced. 

(5) Mounting the engines on either side of the aft portion of the 
fuselage prevents location of the horizontal tail in a low po-
sition. In the case of the Caravelle and a number of other 
aircraft, the tail is mounted at some location between the 
root and tip of the vertical-tail surface. Other aircraft utilize 
the 'f-tail position in which the horizontal tail is mounted at 
the tip of the vertical surface. The use of a high tail position 
offers several advantages: If the vertical tail is swept back, 
the horizontal-tail moment arm is increased as the tail is 
moved toward the tip of the vertical surface. The horizontal-
tail size, and hence the weight of the tail, may therefore be 
reduced for a given level of static longitudinal stability. In 
the T-tail arrangement, the horizontal tail acts as an end 
plate and reduces the required size of the vertical surface for 
a given level of static directional stability. Again, a reduction 
in tail weight may be realized. Structural and aeroelastic 
problems may, however, cause some increases in weight of 
the vertical tail. Whether the overall empennage weight is 
reduced by the use of the T-tail arrangement, as compared 
with the more conventional low tail position, however, is de-
batable and depends on the detailed design requirements of 
the particular aircraft. 

(6) The high tail position also has some disadvantages. A brief 
qualitative discussion of the influence of horizontal-tail posi-
tion on the static longitudinal stability of swept-wing aircraft 
is given in chapter 10. As indicated there, certain inherent 
aerodynamic problems are encountered in the design of an 
aircraft with a high tail location. Careful attention to the 
detail design of such a configuration is required in order to 
achieve reasonably acceptable longitudinal aerodynamic 
characteristics. Lack of proper care in the design process can 
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result in an aircraft with highly undesirable longitudinal aer-
odynamic characteristics. 

(7) The rear engine location results in large concentrated 
weights that are a long distance behind the aircraft center of 
gravity. This arrangement, therefore, causes some problems 
in balancing the aircraft in certain loading configurations. 
However, these balance problems have been overcome in a 
large number of highly successful aircraft that employ the 
aft-engine arrangement. 

Other than the engine arrangement, the Caravelle's configuration 
is conventional, with the 20' swept wing of aspect ratio 8 mounted in 
the low position on the fuselage. Two large fences can be seen on each 
wing in figure 13.11. These fences are intended to control the spanwise 
flow of the boundary layer on the swept wing and thus improve the 
stalling characteristics of the aircraft. The wing-pylon-engine arrange-
ment on the 707-type configuration serves the same purpose. The 
high-lift system consists of trailing-edge Fowler flaps. Large airbrakes 
are mounted ahead of the flaps on the top and bottom surfaces of the 
wing. All the flying controls are hydraulically actuated. The aircraft is 
powered with two Rolls-Royce Avon turbojet engines of 12 000 pounds 
of sea-level static thrust. 

A study of the characteristics of the Caravelle given in table VII 
indicates that the gross weight of the aircraft is a relatively light 
114 640 pounds, even lighter than the Comet, and that it is capable of 
a range of 1829 miles with a maximum payload of 16 800 pounds. 
Eighty passengers can be accommodated in a five-abreast configura-
tion. The cost-economical cruising speed of 488 miles per hour at 
35 000 feet is somewhat lower than the 550 miles per hour given in the 
table for the Boeing 707. The lower cruising speed of the Caravelle 
would be expected in a short-range airplane and explains the low 
sweepback angle of the wing. The relatively short landing and takeoff 
field lengths indicate that it was designed to operate from the many 
small airports appropriate to a short- or medium-range airliner. Again, 
a wing of low sweepback angle is desirable. A highly successful short-
range jet transport, the Caravelle's place in the history of aeronautical 
development is secure as a result of its pioneering use of the aft-fuse-
lage-engine location. 

Second-Generation Transports 
The second-generation jet transports are considered to be those 
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which first flew in prototype form in the 1960's. The following 11 air-
craft constitute the second-generation jet transports: 

Country Manufacturer Model flight Engines 

United States Boeing 727 1963 3 
United States McDonnell Douglas DC-9 1965 2 
United States Boeing 737 1967 2 
United Kingdom British Aircraft I-Il 1963 2 

Corporation 
United Kingdom Hawker Siddley Trident 1962 3 
United Kingdom British Aircraft \'C-IO 1962 4 

Corporation 
Netherlands Fokker F-28 1967 2 
U.S.S.R. Tupolev Tu-134 1964 2 
U.S.S.R. Tupolev Tu-154 1968 3 
U.S.S.R. Ilyushin 11-62 1963 4 
U.S.S.R. Yakolev Yak-40 1966 3

First flight dates are for prototype of first version. 

Most of the aircraft listed are representative of about the same 
level of technology and have no large state-of-the-art advances over the 
first-generation jet transports previously discussed. All the aircraft are 
equipped with turbofan engines of relatively low bypass ratio that are 
of about the same level of technical sophistication as the fan engines 
that powered the first-generation transports. Basically, with a few evo-
lutionary refinements, the second-generation aircraft represent an ap-
plication of the technology developed in the first-generation aircraft to 
transports specifically tailored to various types of airline route struc-
tures and payload requirements. All the aircraft, except the Boeing 
737, employ aft-fuselage-mounted engines in either two- , three- , or 
four-engine configurations. Four of the aircraft are briefly described in 
the following paragraphs; they are the three-engine Boeing 727, the 
twin-engine McDonnell Douglas DC-9, the twin-engine Boeing 737, 
and the four-engine British Aircraft Corporation VC-10. 

Boeing 727 

By any standard, the three-engine Boeing 727 must be considered 
the most successful jet transport aircraft yet produced. The prototype 
first flew in 1963, and the type was introduced into service by Eastern 
Airlines in early 1964. Total orders to mid-1982 numbered 1825, with 
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the aircraft being produced at the rate of 2 per month.' The 727 is 
operated all over the world by some 85 airlines; it is rarely possible to 
visit a domestic airport served b y a scheduled airline without seeing a 
Boeing 727 during the course of a day. The 727 is popular with the 
airlines primaril y because it can be operated profitabl y over range seg-
ments of various lengths and passenger-load requirements, and its rela-
tively short field capability permits operation from a large number of 
airports too small to accommodate 707 class aircraft. Man y studies 
were made over the years in an effort to find a replacement for the 
ubiquitous Douglas 6C-3; though with different range and payload 
characteristics, and with different field length and cruising speed capa-
bilities, the 727 may be considered as the modern-day counterpart of 
the DC-3 that first appeared in 1935. 

The aircraft was first produced as the 727-100, and a later 
stretched version designated the 727-200 was introduced. Of the 1825 
aircraft so far ordered, over 1300 have been for the 727-200, which is 
the only version now in production. The aircraft is produced in both 
passenger and convertible cargo-passenger configurations. A 727-200 
in American Airlines markings is shown in figure 13.12, and the charac-
teristics of this version of the aircraft are given in table VII. 

The choice of three engines for the 727 was dictated by a compro- 
mise between cost and airport performance. For operation on hot days 
from airports located at high altitudes, the three-engine arrangement 

i The last Boeing 727, a cargo version, will be delivered in August 1984; the total number of 
727 aircraft produced will be 1832. 

Figure 13.12 - Boeing 727-200 medium-range airliner. [mfr] 
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offered significantly better takeoff and climb performance with one 
engine out than was practical for an efficient twin-engine design, but at 
a great deal lower cost than for a four-engine aircraft. An interesting 
discussion of this trade-off, as well as other aspects of the design and 
development of the 727, is contained in reference 145. 

The most distinguishing recognition feature of the 727 is probably 
the mounting of the three engines, which are located at the aft end of 
the fuselage. The inlet for the center engine is on top of the fuselage 
ahead of the vertical tail. The engine itself, however, is located in the 
fuselage in the same horizontal plane as the two outboard engines and 
exhausts through the tail end of the fuselage. Placement of the three 
engines in this way simplifies maintenance and servicing and allows a 
high degree of commonality in ground-support equipment. This ar-
rangement, however, necessitates the use of an S-shaped duct to deliv-
er air from the upper-fuselage-mounted inlet to the front face of the 
center engine. The design of inlet and duct for the center engine re-
quires careful attention if unacceptable internal aerodynamic losses are 
to be avoided. The advantages and disadvantages of the aft-fuselage-
engine location have been discussed in connection with the twin-engine 
Caravelle and apply equally well to a three-engine design like the 727. 
Arrangement of nacelles and exhaust nozzles are shown in the rcar yew 
of a 727-100 presented in figure 13.13. Also note the rear-loading 
stair. Flight tests of a rear-fuselage-mounted engine were made on the 
Boeing 367-80 to prove acceptable engine operation with the wing in a 
stalled condition. This test arrangement is shown in figure 13.14. 

Power for the 727-200 is supplied by Pratt & Whitney JT813-17 
engines of 16 000 pounds thrust each. These engines, which have a 
bypass ratio of 1.06, have probably been used to power more jet trans-
port aircraft than any other engine. 

The 727-200 is seen from figure 13.12 to be a low-wing design; 
according to the data given in table VII, the wing planform geometry is 
similar to that of the 707. The engine arrangement results in a hori-
zontal tail mounted at the tip of the vertical fin in a T-tail configura-
tion. Some of the advantages and disadvantages of this arrangement 
are briefly discussed in chapter 10 as well as in this chapter in connec-
tion with the Sud-Aviation Caravelle. The lateral and longitudinal con-
trol surfaces are of the same type as those employed on the 707. In 
contrast to the 707, however, all the controls on the 727 are hydrauli-
cally actuated. In order to allow operation from airports of medium 
size, the 727 is equipped with very powerful high-lift devices. The trail-
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Figure 13.13 - Rear view oJ Boeing 727 airliner. [mfr] 

ing edge of the wing has triple-slotted flaps of the t ype shown sche-
maticall y in figure 10.25(a) and illustrated in figures 10.26 and 10.27. 
The leading edge has a slat on the outboard two-thirds of the span and 
Krueger flaps on the inboard portion of the wing. With these high-lift 
devices, a stalling speed of 121 miles per hour is obtained at the maxi-
mum landing weight of 160 000 pounds. The main landing gear em-
ploys two-wheel bogies instead of the four-wheel type used on the 707. 
The gear retracts inward into the wing at the root. The leading- and 
trailing-edge high-lift devices are shown in the takeoff position in 
figure 13.15. Also note the large negative deflection of the horizontal 
tail and the flame trailing from the tail skid as it drags along the 
runway . The dramatic high-angle-of-attack takeoff illustrated in figure 
13.15 was made for test purposes and is not typical of normal operat-
ing practice. 

The Boeing 727-200 has a gross weight of 2 10 000 pounds and in 
full tourist configuration can accommodate 189 passengers in a 
6-abreast arrangement. The upper fuselage diameter of the aircraft is the 
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Figure 13.14 - Fuselage-mounted engine under test on Boeing 367-80. [mfr] 

.	 I 

- 

Figure 13.15 - Takeoff test of a Boeing 727-100 at ,naxiniurn rotation angle. [mirl 

same as that of the 707 and the shorter range Boeing 737. Thus, to the 
passenger, all three aircraft appear to have the same cabin size except 
for length. The 727-200 is capable of a maximum range of 3738 miles 
with full fuel tanks; with maximum payload, it has a range of 3335 
miles. The cruising speeds of the aircraft are comparable to those of 
the 707 and the DC-8.
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McDonnell Douglas DC-9 

The twin-engine McDonnell Douglas DC-9, in its man y versions, 
generall y has a smaller passenger capacity, shorter range, and shorter 
field length capability than the Boeing 727. It has been produced in six 
major versions and is now in operation on airlines all over the world. 
The six versions now in operation vary in (1) passenger capacity from 
90 to 172. (2) length from 104 to 147 feet, and (3) gross weight from 
80 000 to 148 000 pounds. Perhaps more than any other aircraft type, 
the DC-9 represents an entire famil y of aircraft. The protot ype of the 
DC-9 first flew in February 1965, and nearl y 1100 examples have been 
produced to date. The t ype is still in production at the rate of four or 
five per month, and it seems destined to roll off the production lines 
for several more years to come. 

The DC-9-30, one of the most numerous versions of the aircraft, 
is illustrated in figure 13.16 in the Ro y al Dutch Airlines liver, and 
some of the characteristics of this aircraft are presented in table VII. 
Basic configuration of the aircraft is similar to that of the Caravelle in 
that the two engines are mounted in the aft-fuselage position. The 
T-tail arrangement employed by the DC-9, however, is different from 
that of the Caravelle. The engines that power the aircraft are the same 
basic Pratt & Whitney JT8D turbofans as are employed on the Boeing 
727. For this particular version of the DC-9-30, the two engines have 
15 500 pounds of thrust each. 

The sweptback wing of the DC-9 has a somewhat smaller sweep 
angle than that of the 727, and the cruising speeds given in table VII 

Figure 13.16 - . \ IDonnell Douglas 1)C-9 iiiie—e iiit Jiorl-omp, a/i//ne?. [nfr] 
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for the aircraft are correspondingly lower than those of the 727. As 
pointed out in the discussion of the Caravelle, the lower cruising speed 
of the DC-9 results from tailoring the characteristics of the aircraft to 
the relatively short range segments and small airports for which it was 
intended. The high-lift system on most versions of the DC-9 consists 
of trailing-edge double-slotted flaps and leading-edge slats (the DC-9-
10 had no slats). The lateral control system utilizes inboard and out-
board ailerons, with the outboard ailerons being used only at low 
speeds as in the DC-8. Speed brakes are mounted on the upper sur-
face of the wing. With the exception of the elevators, all the control 
surfaces are hydraulically actuated. As in the DC-8, the elevators of the 
DC-9 are manually controlled through aerodynamic servotabs. 

The gross weight of the DC-9-30 is 109 000 pounds, which is 
about half that of the 727-200, and the 115 tourist-class passengers are 
seated in a 5-abreast configuration. The higher thrust loading and 
lower wing loading of the DC-9, as compared with the 727, result in a 
much lower takeoff field length for the Douglas aircraft; the landing 
field lengths for the two aircraft, however, are about the same. The 
range at maximum payload for the DC-9-30 is 1812 miles, which is 
about half that of the Boeing 727. Clearly, the DC-9 and 727 are in-
tended for different types of airline-route structures and passenger-
load requirements. Both highly successful aircraft complement each 
other in airline operation, and both seem destined to fly on together 
for many years. 

Boeing 737 

The twin-engine Boeing 737 was developed as a direct competitor 
of the McDonnell Douglas DC-9 but did not fly until about 2 years 
after the latter's introduction. The 737 has been produced in two ver-
sions, the 737-100 and the 737-200. Except for 30 units, all the air-
craft produced have been the 737-200 version, which is a stretched, 
higher capacity, and heavier aircraft than the 737-100. The total 
number of orders for the 737 was 978 by mid-1982, and the type is 
currently being manufactured at the rate of 8 per month (ref. 150). 

A Boeing 737-200 in United Airlines' markings is shown in figure 
13.17, and some of the characteristics of the aircraft are given in table 
VII. The two engines are mounted under the wings in a manner similar 
to that of the 707. The proximity of the engine nacelles to the under 
surface of the wing highlights the problem, previously mentioned, in-
curred by the underwing engine location as the size of the aircraft is 
reduced. The desire to avoid a high-mounted horizontal tail, and its 
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Figure 13.17 - Boeing 737-200 twin-engine short-range airliner showing underwing 

location of two engines. [mfr] 

possible stabilit y problems, apparentl y was largely responsible for the 
choice of this engine location instead of the aft-fuselage-mounted ar-
rangement. As figure 13.17 shows, the horizontal tail is located on the 
fuselage below the root of the vertical tail. The 737 uses basicall y the 
same Pratt & Whitney engines as those emplo yed on the Boeing 727 
and the McDonnell Douglas DC-9. 

The 737 fuselage appears short and stubby, due to its large upper-
fuselage diameter, which is the same as for the 707 and the 727, and its 
short length, which is less than for the 707 or the 727. The higher fine-
ness ratio fuselage and greater length of the DC-9 results from the use 
of a five-abreast seating arrangement and consequent smaller fuselage
diameter. The short fuselage length of the 737 along with the wide lat-
eral separation of the underwing-mounted engines result in the large 
vertical tail on the aircraft. 

The geometry of the 737 wing is very similar to that of the DC-9 
as is shown by the data in table VII. The high-lift and control systems 
of the 737 are like those described for the 727. 

An examination of the data in table VII for the 737-200 and the 
1)C-9-30 shows a close similarit y in the size, weight, and performance 
of the two aircraft. This similarit y would he expected since theywere 
designed for similar operations. The major difference in performance 
of the two aircraft is the longer range of the 737 with full fuel tanks. 
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A major new derivative of the Boeing 737 is under development 
and scheduled for initial deliveries late in 1984. Designated the 737-
300, the new aircraft will be a stretched, heavier variant of the 737-200 
powered with the GE Snecma CFM turbofan engines of 20 000 pounds 
thrust and bypass ratio of 6.0. Lower seat-per-mile costs and reduced 
noise are among the advantages offered by the improved aircraft. 

British Aircraft Corporation VC-10 

Two long-range, four-engine, heavy jet transports were developed 
in the 1960's. These were the British VC-10 developed by Vickers 
Armstrongs, which later was absorbed into the British Aircraft Corpo-
ration, and the Soviet Ilyushin 11-62. The two aircraft closely resemble 
each other in configuration and employ an engine arrangement differ-
ent from any existing four-engine jet transport. On each aircraft, the 
four engines are mounted at the aft end of the fuselage, two on either 
side, in a four-engine adaptation of the twin aft-engine configuration 
pioneered by the Caravelle. Both aircraft weigh over 300 000 pounds, 
and both were designed for long-range operation. 

The VC-10 was developed in response to a requirement of the 
overseas division of British Airways, formerly the British Overseas Air-
ways Corporation (BOAC), for use on its long-range routes to Africa, 
India, and Australia. First flight took place in June 1962, and the type 
entered service with BOAC in April 1964. Production of the aircraft 
was terminated in 1974 after 54 units were manufactured. 

The VC-10 is shown in figure 13.18, and some of the characteris-
tics of the aircraft are given in table VII. The four aft-mounted engines 
are, of course, the most distinctive feature of the configuration. The 
power is supplied by Rolls-Royce Conway turbofan engines of 21 000 
pounds thrust each. These engines have a bypass ratio of 0.6 and 
employ a four-stage front-mounted fan. 

Like all aircraft that employ the aft-mounted engine arrangement, 
the wing of the VC-10 appears quite clean and uncluttered. The 
sweepback angle is 32.5°, and the aspect ratio is 6.9. Although the 
sweep angle is slightly less than that of the Boeing 707, the wing-plan-
form geometry employed on the two aircraft is nearly the same. The 
high-lift system consists of trailing-edge Fowler flaps, which are similar 
to the double-slotted flap shown in figure 10.25(b) with the small 
middle element removed, and leading-edge slats. Three leading-edge 
fences are employed on each wing, as can be seen in figure 13.18. Lat-
eral control is provided by a combination of ailerons and spoilers. The 
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Figure 13.18 - British Aircraft Corporation I'C—lO four-engine long-range airliner. 


(.Vole engine arrangement.) [ Fit. Intl.] 

spoilers are also used as air brakes and can be seen deployed as such in 
figure 13.18. All control surfaces are hydraulically actuated. 

A comparison of the performance data of the VC-10 and the 
Boeing 707-320B given in table VII indicates that the maximum pay-
load and corresponding range are significantly less than those of the 
Boeing 707-320B. The cost-economical cruising speeds of the 
two aircraft are also about the same; however, the maximum cruising 
speed of the 707 is somewhat higher than that of the VC-10. Man y of 
the airports served by British Airways are located in tropical or sub-
tropical areas characterized by high temperatures. Such temperatures 
increase the ground speed required for takeoff and reduce the maxi-
mum thrust produced by the engines. The VC-10 was accordingl y de-
signed to cope with these difficult takeoff conditions that, in some 
cases, were aggravated by airport elevations considerably above sea 
level. As a consequence, the takeoff field length for "standard day" 
conditions given in table VII is about 2000 feet shorter for the VC-10 
than for the 707. 

The VC-10 is no longer in airline service, but a few are in the 
Royal Air Force inventory. The economics of the aircraft apparently 
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could not compete successfully with those of the Boeing 707 and the 
McDonnell Douglas DC-8; hence, the VC-10 enjoyed a relatively limit-
ed production run. The Soviet 11-62, counterpart of the VC-10, is still 
in production and is widely used on Aeroflot's long-range routes. Ac-
cording to reference 150, about 190 of these aircraft have been con-
structed. 

Wide-Body Transports 
Four families of aircraft make up the fleet of wide-body transports 

that began operation on airlines throughout the world in the 1970's. 
These aircraft are the Boeing 747, the McDonnell Douglas DC-10, and 
the Lockheed L-1011, which are manufactured in the United States, 
and the Airbus A-300, which is produced by a consortium of European 
countries. All aircraft are still in production,' and all are expected to 
continue in service for the foreseeable future. In addition to these air-
craft, the Soviet Union has developed a large four-engine wide-body 
transport. This aircraft, the Ilyushin 86, first flew on December 22, 
1976, and airline operations began in 1980. 

The use of the term "wide body" in describing these aircraft is de-
rived from the interior arrangement of the passenger cabin. Consider 
first the arrangement of the cabin of a "narrow-body" transport such 
as the 707 or 727, as shown in figure 13.19. The cabin is divided into a 
small first-class compartment with four-abreast seating and a large 
tourist-class cabin with six-abreast seating. A single aisle runs the entire 
length of the cabin with three seats located on either side. For an air-
craft of large passenger capacity, the fuselage of the narrow-body type 
tends to become very long, which, in turn, may dictate a long, heavy 
landing gear in order to permit the desired rotation angle on takeoff 
without scraping the rear end of the fuselage on the runway. The long 
aisle also causes lengthy delays in passenger loading and difficulty for 
the cabin attendants in serving meals and refreshments. 

A schematic drawing of the interior cabin arrangement of a con-
ceptual wide-body transport is shown in figure 13.20. The first-class 
cabin consists of a small four-abreast compartment in the forward part 
of the fuselage and a large seven-abreast tourist cabin. The tourist 
cabin is divided by two longitudinal aisles that run the length of the 
cabin. In the particular arrangement shown, two seats are located on 
either side of the aircraft next to the windows, and three seats are dis-
posed about the centerline of the cabin with an aisle on either side. 

'Lockheed L-101 1 production has now ended.
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Figure 13.19 — Interior arrangement of narrow-body, single-aisle jet transport aircraft. 
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Figure 13.20 — Interior arrangement of wide-body, double-aisle jet transport aircraft. 

Some wide-body aircraft are designed to accommodate as many as 10-
abreast seats. Current high-density versions of the Boeing 747, for ex-
ample, may seat as many as 550 passengers in a 10-abreast arrange-
ment. 

For large-capacity aircraft, the double-aisle arrangement offers easy 
passenger loading and simplifies the serving problem for the cabin at-
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tendents. The design may also offer the passenger somewhat wider 
seats and a feeling of greater spaciousness. The landing-gear problem 
previously referred to is alleviated by the relatively short fuselage of-
fered by the wide-body design for a given passenger capacity. 

The large-diameter fuselage of the wide-body aircraft is often cited 
as a source of increased skin friction drag. The bulky appearance of 
these aircraft is no doubt responsible for this viewpoint. Actually, the 
ratio of wetted area to wing area for wide- and narrow-body aircraft of 
the same passenger capacity and wing loading may not be greatly dif-
ferent because of the shorter length of the wide-body aircraft. The 
trade-offs between fuselage length and diameter can be assessed with 
the use of figure 3.11 in reference 176. 

The wide-body jet transports introduced in the 1970's are charac-
terized by two other distinguishing features. First, these aircraft are 
very large in comparison with earlier jet transports. For example, one 
version of the Boeing 747, the largest of the wide-body aircraft, is certi-
fied at a maximum takeoff gross weight in excess of 800 000 pounds. 
Although the wide-body concept was originally applied only to very 
large aircraft, new designs for use in the 1980's utilize the wide-body 
concept in aircraft of the 707 weight category. 

A second distinguishing feature of the wide-body transports is the 
type of engines used to power them. All the aircraft are powered by 
very large engines of high bypass ratio. Because of the high bypass 
ratio and high compressor pressure ratio of these engines, the values of 
their cruise-specific fuel consumption are about 20 percent lower than 
earlier low-bypass-ratio engines such as the Pratt & Whitney JT3D. An-
other outstanding feature of these engines is their relatively low noise 
levels, as compared with earlier engines, even though the thrust pro-
duced by the new engines is significantly higher than values typical of 
the earlier ones. The low-noise-level characteristic of the high-bypass-
ratio engines results from an improved understanding of the mecha-
nism of noise generation, as influenced by engine design, and through 
the use of new sound-absorbing materials in various parts of the inlets 
and other flow passages. (See the section on engine noise in chapter 
10.)

Three families of modern, large, high-bypass-ratio turbofan en-
gines are the Pratt & Whitney JT9D, the General Electric CF6, and the 
Rolls-Royce RB.211. Each of these engines is produced in a number of 
variants with different capabilities. The maximum takeoff thrust of the 
various versions lies in the range from 45 000 to 55 000 pounds. The 

439



QUEST FOR PERFORMANCE 

bypass ratios of the engines are 5:1 for the Pratt & Whitney JT9D, 
5.9:1 and 4.4:1 for the General Electric CF6, and 4.4:1 for the Rolls-
Royce RB.21 1. As indicated, the CF6 engine is available with two dif-
ferent bypass ratios. The compressor pressure ratios of the different 
engines fall in the range from 24:1 to 30:1. Detailed information on the 
various versions of the engines may be found in references 130 and 
199.

In other respects, the wide-body aircraft, as compared with earlier 
jet transports, have only evolutionally technical refinements. The wide-
spread use of sophisticated, high-speed computational equipment has 
resulted in more refined aerodynamic and structural design and in im-
proved machine control in manufacturing. As a result of more sophisti-
cated analysis techniques and new developments in transonic aerody-
namics, some improvements may be found in wing and airfoil design. 
Basically, however, the aerodynamic design of the wide-body aircraft is 
similar to the preceding generation of aircraft. Again, in the area of 
structural design, no radical innovations are to be found. All the air-
craft use fully powered flight control systems, and all employ sophisti-
cated autopilots and other onboard systems. 

The combination of large passenger capacity, more efficient and 
quieter engines, and more sophisticated detail design has resulted in 
transport aircraft that are safe, reliable, environmentally acceptable, 
and, from the airlines' viewpoint, profitable. From the passengers' 
viewpoint, the aircraft are fast, convenient, and relatively comfortable, 
and they offer reasonable fares. 

As discussed, most jet transport aircraft actually consist of a series 
of aircraft of varying characteristics that evolve from a single basic 
design. Each variant of the series has characteristics that are intended 
to adapt the aircraft to a particular set of operating requirements. The 
wide-body transports also follow this trend, and the generic aircraft 
type of each manufacturer actually represents an entire family of air-
craft. In the following, a brief description of a representative model of 
the Boeing 747, the McDonnell Douglas DC-b, and the Lockheed 
L- 1011 is given. Descriptions of the various versions of the different air-
craft may be found in references 129, 130, 150, and 161. 

Boeing 747 

The first of the wide-body turbofan-powered transports to enter 
airline service was the Boeing 747. Design work on the aircraft was ini-
tiated in the 1960's, and the first details were announced in April 1966. 
Simultaneously, Pan American World Airways announced orders for 25 
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of the new aircraft. First flight took place in February 1969, and certifi-
cation was completed by December of that year. The first passengers 
were carried on a flight from New York to London on January 22, 
1970. The 747 aircraft is utilized by 32 operators throughout the 
world. Over 595 units have been ordered b y mid-1982, and the type 
will likely remain in production for the foreseeable future. 

A side view of a Boeing 747 in the livery of Pan American World 
Airways is shown in figure 13.21, and a front view of the aircraft in the 
landing configuration may be seen in figure 13.22. Some indication of 
the size of the 747 can be determined from figure 13.23, which shows a 
young boy standing beneath the nose of the aircraft. Some of the char-
acteristics of the Boeing 747-200B are given in table VII. 

The appearance of the four-engine 747 is very similar to that of its 
well-known ancestor, the Boeing 707. In addition to its large size, how-
ever, the 747 has two distinguishing features. First, the passenger cabin 
extends all the way to the forward end of the fuselage. The flight deck, 
with a small cabin behind it, is mounted on a second level and is 
reached by a circular stairway from the main cabin. This interior ar-
rangement results in a distinctive hump in the external appearance of 
the top, forward end of the fuselage. A second distinguishing feature of 
the 747 is the main landing gear, which is unique for a passenger-carry-
ing aircraft. The main gear consists of four struts, or posts, to which 
are attached four-wheel bogies. The two rear struts are mounted on 
the fuselage near the trailing edge of the wing and retract forward into 
the fuselage. The other two struts are mounted in the wing, farther for-
ward, and retract inward into the wing. The four-post main gear is re-

Figure 13.21 - Boeing 747 wide-body transport. [mfr]
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quired in order to properly distribute the massive weight of the aircraft 
on the runwa y . The aircraft shown in the approach configuration in 
figure 13.22 clearl y shows the extended four-strut main gear as well as 
the nose gear that retracts forward into the fuselage. 

The engines first offered on the 747 were the Pratt & \Vhitnev 
J1 ,91) turbofans. In addition to these engines, the aircraft is now certi-
fied with the General Electric CF6 and the Rolls-Royce R13.211 turbo-
fans. The 747-20013, for which data are given in table VII, is powered 
with four JT9D-7R4G2 engines of 54 750 pounds thrust each. 

The aerod ynamic configuration of the 747 is very similar to that of 
the 707. The 747 wing has slightly more sweepback than that of the 
707 and is of about the same aspect ratio. An improved airfoil design is 
also incorporated in the wing of the 747. The maximum lift-drag ratio 
of the aircraft, (L/D) max , is estimated to he about 18, as compared with 
a value somewhat over 19 for the 707. The lower value of (L/D) max re-
sults from a higher value of ratio of wetted area to wing area on the 
747 than on the 707. 

The high-lift system emplo yed on the 747 is t ypical of Boeing 
practice and consists of trailing-edge triple-slotted flaps, similar to 
those employed on the 727, and leading-edge flaps. The large trailing-
edge flaps are clearl y visible in figure 13.22. The lateral control system 
utilizes a combination of spoilers together with inboard and outboard 
ailerons. The spoilers are also used for lift and drag control when de-

I, 

Figure 13.22 - Boeing 747 in landing configuration. (.Vote four-post main landing gear 

and large flaps.) [mfr] 
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ployed symmetrically. The horizontal tail is located in the conventional 
low position at the rear of the fuselage. Longitudinal control is provid-
ed by an elevator and adjustable stabilizer trim system. No trim tabs 
are employed. All controls are fully powered. 

The very large size of the Boeing 747 is the most striking feature 
of the aircraft. The gross weight of the 747-200B is seen from table 
VII to be 836 000 pounds, more than that of any other aircraft ever 
built. The Lockheed C-5A military cargo transport discussed below is 
the next largest aircraft at a weight of 769 000 pounds. The 747-200B 
can carry a maximum payload of 144 520 pounds for a distance of 6854 
miles and has a cost-economical cruising speed of 564 miles per hour 
(Mach number of 0.85) at an altitude of approximately 35 000 feet. 
With a maximum fuel load and a reduced payload of 87 800 pounds, 
the range is 8706 miles. In a maximum capacity configuration, the air-
craft can carry 550 passengers with 10-abreast seating. In this arrange-
ment, four seats are placed in the middle of the aircraft, between the 
two aisles, and three seats are located against either side of the cabin. 
Many other seating arrangements for a smaller passenger load are used 
in the aircraft. The particular seating arrangement utilized is dictated 
by the airline using the aircraft and is based on the passenger density 
anticipated on the various routes served by the aircraft. 

The Boeing 747 is available in 10 versions adapted to various air-
line needs. One major variant of the 747 is the 747SP (Special Per-
formance), which is shown in figure 13.24 along with a standard-size 
747. The 747SP is lighter and has a smaller fuselage and lower passen-
ger capacity but has a longer range than any other version of the air-
craft. Latest version of the 747 to fly is the 747-300, which has an 
upper deck extended by nearly 24 feet. Sixty-nine passengers can be 
carried in a six-abreast configuration in the upper deck of this aircraft 
and total capacity is 624. Overall size and gross weight are not altered 
by the extended upper deck. New and larger capacity variants of the 
aircraft will no doubt appear in the future. Currently, the Boeing 747 is 
considered to be one of the world's outstanding commercial aircraft; 
certainly, it is by far the largest. 

Lockheed L-1011 and McDonnell Douglas DC-Jo 

The Lockheed L-1011 and the McDonnell Douglas DC-10 are 
wide-body transports in a weight class between that of the 707 and the 
very heavy 747. Both aircraft are powered by three high-bypass-ratio 
turbofan engines located in a new configuration arrangement; one 
engine is mounted under each wing, and the third engine is mounted 
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Figure 13.23 - View of Boeing 747 indicating size oJ au i/L j mfiJ 
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Figure 13.24 - View of Boeing 747 and 747SP. [mfr] 

, 

Figure 13.25 - Lockheed L-101 1 TriStar three-engine, wide-body transport showing

arrangement of three engines. [mfrJ 

at the rear of the aircraft. The L-lO1 1 and the DC-to were initial1-
designed to an airline requirement for a high-capacit y transport with 
transcontinental range, but growth versions of each are presentl y avail-
able with intercontinental capability.
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Initial flights of both aircraft occurred in 1970. An earl y version of 
the DC- 10 entered airline operation in 1971. and the L-101l began 
service in 1972. Both aircraft are in wide use throughout the world. 

The Lockheed L-10l 1, also known as the TriStar, is shown in 
figure 13.25, and the McDonnell Douglas DC-10 is depicted in figure 
13.26. Some of the characteristics of the two aircraft are given in table 
VII. The three-engine configuration emplo yed on both aircraft is clear-
ly shown. This arrangement, in which two of the engines are located 
near the aircraft center of gravit y , offers an advantage in aircraft bal-
ance over an arrangement in which all three engines are mounted at 
the rear of the fuselage (Boeing 727, for example). Placement of two of 
the engines under the wing also allows the horizontal tail to he mount-
ed in the highly desirable low position, as contrasted with the f-tail ar-
rangement. The large lateral distance between the wing-mounted en-
gines, however, causes larger y awing moments following loss of power 
of one of these engines as compared with it similar power loss in the 
rear-mouned engine arrangement. 

The method of mounting the rear engine is seen to be quite differ-
ent on the L-101 I and the DC-10. The 1,1011 utilizes a mounting ar-
rangement similar to that of the Boeing 727. The center engine is 
mounted in the aft end of the fuselage and is connected through an 
S-shaped duct to the large inlet mounted on top of the fuselage. In con-
trast, the center engine of the DC-10, including inlet and exhaust 

Figure 13.26 - McDonnell Douglas DC—JO three-engine, wide-bod y transport. [mfr] 
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nozzle, is integrated with the fin above the fuselage. The improved 
engine efficiency resulting from this straight inlet-engine-nozzle config-
uration, as compared with the S-shaped duct arrangement, was thought 
to more than offset the structural complexity (and probable weight in-
crease) of integrating the engine with the fin. The high performance of 
both aircraft, however, suggests that either method of engine installa-
tion can be made to operate successfully. 

The Lockheed L-1011-200 is powered with three Rolls-Royce 
RB.21 1-524 engines of 48000 pounds thrust each. The McDonnell 
Douglas DC-10-30 is powered by three General Electric CF6-50C1 en-
gines of 52 500 pounds thrust each but is also available with a version 
of the Pratt & Whitney JT9D engines. 

The main landing gear of the L-101 1 has two struts to which are 
attached four-wheel bogies. Early versions of the DC-10 employed a 
similar arrangement. The heavier DC-10-30, however, employs a third 
strut, equipped with a two-wheel bogie mounted on the fuselage cen-
terline between the other two main landing-gear struts. This arrange-
ment helps to distribute the weight of the aircraft on the runway and 
thus keeps the runway-bearing stress within acceptable limits. 

The aerodynamic design of both of the three-engine jet transports 
is conventional. The wings of both aircraft have about 35' of sweep-
back with aspect ratios in the range of 7.0 to 7.5 and feature transonic 
airfoils of advanced design. The wings have double-slotted trailing-
edge flaps and leading-edge slats. Lateral control is provided by a com-
bination of ailerons and spoilers. The spoilers are also used to control 
lift and drag when deployed symmetrically. Longitudinal control of the 
L-1011 is provided by a variable incidence stabilizer to which the ele-
vator is mechanically linked. The DC-10 employs separately actuated 
elevators and stabilizers. Neither aircraft employs longitudinal trim 
tabs. The maximum lift-drag ratio of the two aircraft is estimated to lie 
in the range between 17.0 and 17.5. 

The data in table VII indicate that the L-1011-200 and the DC-
10-30 are very large aircraft. For example, at a gross weight of 468 000 
pounds and with a maximum payload of 74 200 pounds, the L-1011-
200 is capable of flying for a distance of 4884 miles. With a maximum 
fuel load and a reduced payload of 42 827 pounds, the range is 6204 
miles. The aircraft is capable of carrying 400 economy-class passengers 
in a 10-abreast double-aisle configuration. An interesting feature of the 
interior design of the L-101 1 is the location of the galleys below the 
passenger deck; food service is provided to the passenger cabin by 
means of elevators.
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The economical cruising speed of the L-1011 is 567 miles per 
hour at 31 000 feet, which corresponds to a Mach number of 0.84. The 
takeoff field length of 8070 feet is relatively short compared with 
10 370 feet for the DC-10-30 and 10 450 feet for the 747. According 
to the data in table VII, the values of gross weight, payload weight, and 
range of the DC-10-30 are significantly larger than the corresponding 
values for the L-1011-200. A comparison of the values of the wing 
loading and thrust loading of the two aircraft clearly shows why the 
takeoff distance of the DC-10-30 is greater than that of the L-1011-
200. Methods for rapid estimation of the takeoff distance are discussed 
in chapter 3 of reference 176. The cost-economical cruising speeds of 
the two aircraft are comparable. 

Total orders for the DC-10 number 382, and it remains in produc-
tion at the rate of 1 aircraft per month. Included in these figures are a 
small number of tanker versions of the aircraft for the USAF. These 
carry the Air Force designation of KC-10. Lockheed, however, has an-
nounced termination of the TriStar program after completion of air-
craft number 250 in the fall of 1983. 

New Transports of the 1980's 
The year 1982 saw the introduction into airline service of an en-

tirely new American-built jet transport, and a second new aircraft by 
the same manufacturer began service in 1983. Neither aircraft is of the 
"jumbo-jet" size such as discussed above. Both are designed to supple-
ment and ultimately replace current transports in use on medium- and 
short-range stage lengths. In the design of both aircraft, increased fuel 
costs led to great emphasis on improved flight efficiency and careful 
matching of range-payload capabilities to specific airline needs. A few 
details of the two new aircraft are given below. 

Boeing 767-200 
With a first flight date in September 1981, the Boeing 767-200 en-

tered airline service in the late summer of 1982. The aircraft is shown 
in figures 13.27 and 13.28, and physical and performance data for one 
version of the aircraft are given in table VII. 

The Boeing 767-200 is a 290-passenger, double-aisle, wide-body 
airliner designed to replace the aging Boeing 707 and McDonnell 
Douglas DC-8 transports now used on domestic and foreign medium-
range route segments. Average stage lengths over which the aircraft 
will be operated are estimated by Boeing to lie between 850 and 1150 
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Figure 13.27 - Rollout of Boeing 767-200 wide-body, turn-engine airliner. [mfr] 

miles. Maximum range is, of course, much greater and includes a non-
stop United States coast-to-coast capabilit y ; the twin-engine 767-200 is 
not intended for long over-ocean flights. 

As can be seen in figures 13.27 and 13.28, configuration of the 
Boeing 767-200 is conventional with the wing located in the low posi-
tion at the bottom of the fuselage and with one of the two engines 
p y lon mounted beneath each wing. Location of the engines under the 
wing, rather than to the rear of the fuselage, allows the horizontal tail 
to be mounted in the low position. As discussed in chapter 10, a low 
tail position is helpful in minimizing pitching-moment nonlinearities 
that are often characteristic of swepthack wings at angles of attack in 
the vicinity of the stall. The main landing gear consists of two struts, 
each with a four-wheel bogie, that retract inward into the wing root. 

Although of conventional configuration, the detailed aerodynamic 
design of the 767-200 is highl y refined, as might be expected b' the 
nearly 25 000 hours of wind-tunnel time required in the development 
of the aircraft. To place this wind-tunnel effort in perspective, 14 000 
and 4000 wind-tunnel hours were expended in developing the Boeing 
747 and 727, respectively. 

The Boeing 767-200 has been widel y advertised as being much 
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Figure 13.28 - hi-flight  view of Boeing 767-200 airliner. [mfr] 

more fuel efficient than earlier generations of jet transports. Although 
the careful aerod ynamic design just mentioned contributes to the effi-
cjcncv of the aircrafI, the high-bypass-ratio turbofan engines employed 
on the 767-200 are primaril y responsible for its high fuel efficiency. At 
pres. the 767-200 is offered with two versions of both the Pratt & 
Whitney JI'91) and the General Electric CF6 turbofan engines. Both of 
these engines are in the 48 000- to 50 000-pound thrust range and 
have bypass ratios between 4.5 and 5.0 and compressor pressure ratios 
between 25 and 30. Specific fuel consumption of these engines, ex-
pressed in pounds of fuel per pound of thrust per hour, is between 20 
and 25 percent lower than that of the Pratt & Whitne y JT3D engine 
that powers both the McDonnell Douglas DC-8 and the Boeing 707. 

Comparison of certain characteristics of the 767-200 with those of 
the older Boeing 707-320B is of interest. Examination of the data in 
table VII shows that the wings of the two aircraft are nearly the same 
size, with only small differences in area and span. Sweephack angle and 
aspect ratio of the new 767-200 are 31.5' and 8.0, respectively, as com-
pared with 35° and 7.1 for the 707-320B. These differences in wing 
geometry would be expected to increase aerodynamic efficiency by a 
small amount. Incorporated in the wing of the 767-200 is a new 
Boeing-developed supercritical-type airfoil section. The basic technol-
ogy of the supercritical airfoil section was pioneered by Richard T. Whit-
comb of the NASA Langley Research Center. Use of such sections 
allows increased wing thickness ratio without corresponding reductions 
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in the Mach number at which large adverse compressibility effects 
begin to occur. Reduced wing structural weight, increased aspect ratio, 
and reduced wing sweepback angle—or some combination of the 
three—are accordingly possible. Incorporation of this new type of 
airfoil section on the Boeing 767-200 contributes to high overall 
efficiency. 

High-lift devices on the wing consist of full-span leading-edge slats 
and a combination of both single- and double-slotted flaps on the trail-
ing edge, with the double-slotted flaps placed on the inboard part of 
the wing. Inboard and outboard ailerons in combination with spoilers 
are used for lateral control. When deployed symmetrically, the spoilers 
help decelerate the aircraft on the landing rollout and aid in making 
rapid in-flight descents. An elevator and adjustable stabilizer are used 
for longitudinal control, and a conventional rudder-is provided for 
control about the yaw axis. All controls are of the fully powered, 
irreversible type. 

New techniques for navigation and flight control are used on the 
767-200. These techniques herald an entirely new relationship between 
the aircraft and the flight crew. An automatic flight control system cou-
pled with a computer allows storage of an entire flight plan and gives 
automatic guidance and control of the aircraft from takeoff to landing. 
Included in the system are not only navigation functions but vertical 
flight-path control to minimize fuel consumption. To a large extent, 
the traditional electromechanical instrumentation has also been re-
placed by more simple cathode-ray-tube displays that provide different 
types of information at the command of the crew. A detailed descrip-
tion of this new equipment and its use are beyond the scope of the 
present discussion. Let it be noted, however, that aircraft such as the 
767-200 may herald the end to most hands-on flying of transport air-
craft and introduce an age in which the pilot is increasingly a button-
pushing systems manager. Automatic flight management techniques 
such as those employed in the new Boeing transports will certainly 
result in more efficient fuel utilization in future airline operations. 

All versions of the 767-200 can accommodate a maximum of 290 
passengers seated in a 7-abreast double-aisle configuration. The air-
craft is now offered in six variants, with gross weights falling in the 
range from 302 000 to 337 000 pounds. Listed in table VII are the 
characteristics of the 337 000-pound version of the aircraft, which is 
powered by two Pratt & Whitney JT9D-7R4E turbofans of 50 000 
pounds thrust each. This particular variant of the aircraft, available in 
1984, has nearly the same gross weight as the Boeing 707-320B but 
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carries about 100 more passengers over a much shorter range. Maxi-
mum cruising speed of the 767-200 is about 40 miles per hour slower 
than that of the 707-320B, and takeoff and landing field lengths of the 
new aircraft are significantly shorter than those of the 707. These dif-
ferences in speed and field length reflect the differing requirements of 
a long-range aircraft designed for international operations and one de-
signed for medium-range domestic use. Aerodynamic efficiency of the 
767-200 can be judged by the maximum lift-drag ratio, estimated to be 
about 18. The larger ratio of wetted area to wing area of the 767-200, 
as compared with that of the 707-320B, results in a value of (L/D) max 
somewhat lower than that of the older aircraft. The much larger pas-
senger capacity and more efficient engines, however, make the new air-
craft more efficient in terms of cost-per-seat-mile. 

The Boeing 767-200 has just entered airline service, and although 
its characteristics seem highly promising, its ultimate place in the spec-
trum of successful transport aircraft has yet to be determined. 

Boeing 757-200 

The second new Boeing jetliner of the 1980's, designated the 757-
200, made its initial flight in February 1982 and is scheduled to enter 
airline service in the spring of 1983. Intended as a fuel-efficient re-
placement for the long-lived Boeing 727 on short-range route seg-
ments, the 757-200 can accommodate as many as 239 passengers in a 
single-aisle six-abreast cabin arrangement. Average route segments are 
expected to be about 575 miles or less and to require less than 2 
hours' flight time. A narrow six-abreast single-aisle configuration usual-
ly has slightly less wetted area, and thus less drag, than a six-abreast 
twin-aisle arrangement designed for the same number of passengers. 
Apparently, passengers are willing to accept the single-aisle layout for 
short flights but prefer the more spacious wide-body design for flight 
times greater than several hours. 

The first 757-200, photographed on the occasion of its rollout in 
January 1982, is shown in figure 13.29, and data for one version of the 
aircraft are given in table VII. Configuration of this twin-engine aircraft 
is seen to be very similar to that of the 767-200 shown in figures 13.27 
and 13.28; however, the data in table VII show that the 757-200 has a 
smaller wing of less sweepback angle and is much the lighter of the two 
aircraft. 

Like the 767-200, the fuel efficiency of the 757-200 derives largely 
from the high-bypass-ratio turbofan engines employed on the aircraft. 
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Figure 13.29 - Rollout of Boeing 757-200 narrou-bodv, twin-engine ouliiier. [mfr] 

Listed in reference 150 are the characteristics of three versions of the 
757-200. The aircraft currently in production are powered by the 
Rolls-Royce RB211-535C engines of bypass ratio 4.36 and thrust of 
37 400 pounds. By the end of 1984, the aircraft will also be available 
with the Rolls-Royce RB2I1-535E4 engine of 40 000 pounds thrust, or 
with the all-new Pratt & Whitne y 2037 turbofan of 40 000 pounds 
thrust. All three of these engine t ypes offer a 20- to 25-percent reduc-
tion in cruise-specific fuel consumption as compared with the various 
versions of the Pratt & Whitney JT8D engine that powers the 727. 

Many of the design features of the 767-200 described above are 
incorporated in the 757-200. The same supercritical airfoil section is 
employed in the wings of both aircraft. The high-lift and lateral control 
systems of the two aircraft are nearly the same, although some differ-
ences are evident in the trailing-edge flaps and ailerons. In contrast 
with the 767-200, the trailing-edge high-lift system of the 757-200 
consists almost entirely of double-slotted flaps, and no inboard ailerons 
are used. Cockpit layout and automatic flight control and navigation 
systems are essentially identical on the two aircraft. 

Gross weight of the version of the 757-200 now in production is 
221 000 pounds. With the more advanced Rolls-Royce and Pratt & 
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Whitney engines, gross weight will be 241 000 pounds. The data in 
table VII are for the heavier version of the aircraft powered with Pratt 
& Whitney 2037 engines. As compared with the 727-200 it has been 
designed to replace, the 757-200 is shown by the data in table VII to 
be larger and heavier and to have a larger passenger capacity. Wing 
sweepback angle of the new aircraft is 7° less than that of the 727-200, 
and the maximum cruising speed is 49 miles per hour lower than that 
of the older aircraft. This speed differential is relatively unimportant on 
the short-range segments for which the aircraft is intended; also, it re-
duces fuel consumption. 

As with the larger 767-200, only time and experience will measure 
the success of the 757-200 in airline operation and in the domestic and 
international marketplace. 

Dedicated Cargo Transports 
The jet transport has so far been discussed only in the context of a 

passenger-carrying aircraft, and those described have indeed been con-
figured with passenger transport as a primary design consideration. 
Most modern jet airliners, however, have some type of cargo-carrying 
capability. Even those aircraft configured primarily for passengers usu-
ally carry a limited amount of cargo, along with baggage, in the hold 
below the passenger deck. This cargo space is illustrated by the fuse-
lage cross-section views in figures 13.19 and 13.20. Many jet transports 
are also available in convertible form and may be changed quickly from 
a passenger to an all-cargo configuration. In this case, the passenger 
seats are removed and cargo is carried in the space usually occupied by 
the passengers as well as in the hold. The floor of the passenger cabin 
is usually strengthened to allow for the higher unit floor loadings likely 
to be encountered with cargo. A large cargo door is also provided on 
convertible passenger-cargo aircraft. 

Some jet transports are available in dedicated cargo versions. In 
addition to special cargo doors and strengthened floors, these aircraft 
have no facilities for attending to passenger needs and may even be 
constructed with no cabin windows. A crew rest compartment is some-
times located immediately behind the flight deck. An in-flight view of a 
dedicated Boeing 747 jet freighter is shown in figure 13.30. (Note the 
absence of passenger windows.) The visor-type loading door located in 
the nose of a 747 freighter is shown in figure 13.31, and the large rear 
cargo door is pictured in figure 13.32. 

Another class of cargo aircraft, designed to meet the special needs 
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of certain t ypes of military operations, has evolved since the end of 
World War II. These aircraft are used to transport various t ypes of 
military cargo such as trucks, tanks, jeeps, and artillery pieces, as well 
as troops. The size and shape of the fuselage is dictated b y the number 
and type of vehicles to be carried, and some important aspects of the 
overall configuration are strongly influenced by the requirements for 
cargo handling and loading. One of the best-known militar y cargo air-
craft is the turboprop-powered Lockheed C-130 shown in figure 6.3. 
This aircraft is in use by the military services of over 20 countries 
throughout the world. The Soviet military services also operate turbo-
prop-powered cargo aircraft of the same configuration concept as the 
C-130. One of these, the Antonov An-22, is verylarge with a gross 
weight of about 550 000 pounds. 

Two jet-powered cargo aircraft that employ man y of the configura-
tion features embodied in the C-130 design have been developed in 
the United States. These are the Lockheed C-141 Starlifter and the 
Lockheed C-5A Galaxy. The C-141 has a gross weight of about 
317 000 pounds, which places it in the same size class as the Boeing 
707-320B, and first flew in December 1963. The very large C-5A has a 
gross weight of 769 000 pounds, in the same weight class as the Boeing 
747, and first flew in 1968. The C-141 and the C-5A are similar in 
appearance, but the difference in size is very obvious when the aircraft 
are seen side by side. The Soviet Ilyushin 11-76 military transport is 
similar in appearance to the two Lockheed aircraft and has a gross 
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Figure 13.30 - Boeing 747 freighter showing absence of passenger windows. [mfr] 
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Figure 13.31 - Cargo being loaded through iioe-door oJ Boeing 747 freighter. [nun 

weight of 350 000 pounds. First flight of the 11-76 took place in 1971. 
As representative of dedicated, jet-powered, military cargo transports, 
the Lockheed C-5A is briefl y described below. 

In the early 1960's, several aircraft companies began design studies 
of a heavy logistic jet transport intended to replace and augment the 
capabilities of the aging Douglas C-133 and complement the existing 
fleet of C-141 jet-powered transports. The aircraft was intended to de-
liver payloads in the range of 100 000 to 200 000 pounds over inter-
continental distances and be able to operate from semiprepared run-
ways. Following a design competition, Boeing, Douglas, and Lockheed 
were given contracts for further development of their designs. Concur-
rently, General Electric and Pratt & Whitne y were given design con-
tracts for high-b ypass-ratio turbofan engines to power the new aircraft. 
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Figure 13.32 - Rear-loading cargo door of Boeing 747 freighter. [mfrl 

The weight of the aircraft was expected to be in the 700 000-pound 
class, and the thrust level required of the new engines was about 
40 000 pounds. The selection of the General Electric Company to de-
velop the engine was announced in August 1965, and in October of 
that same year, the Lockheed Aircraft Corporation was selected to de-
velop the aircraft. First flight of the C-5A took place on June 30, 1968, 
and the last of a fleet of 81 aircraft was delivered to the USAF in May 
1973. An interesting account of the engineering development of the C_ 
5A is given in reference 158. Several views of the aircraft are shown in 
figures 13.33 to 13.36. 

The C-5A is a high-wing monoplane with the wing mounted at the 
top of the fuselage. The aircraft is equipped with four engines mount-
ed in pods that are attached to the lower surface of the wings in much 
the same fashion as that employed on the 707 and DC-8 aircraft. The 
General Electric TF-39 engines that power the aircraft develop a take-
off thrust of 41 000 pounds each and have a bypass ratio of 8.0. The 
gas generator of this engine serves as the basis of the General Electric 
CF6 commercial engine discussed previously. 

In order to minimize weight and complexity, the landing gear is 
retracted into blisters located on either side of the fuselage rather than 
into the high-mounted wing. The aspect ratio 8.0 wing is swept 25 at 
the quarter chord and is equipped with Fowler-type single-slotted flaps 
and leading-edge slats. Lateral control is provided through a combina-
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Figure 13.33 - Lockheed C-54 military freighter. [mfr] 
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Figure 13.34 - Lockheed C-5A in approach configuration showing 28-wheel landing

gear and large Fowler flaps. [mfr] 
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Figure 13.35 - View showing fore and 
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 aft loading capabilitY of Lockheed L-5A. [intr] 
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Figure 13.36 - Photograph of man standing on horizontal tail is indira/ne / large size


of Lockheed C-5A. [mfr]
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tion of ailerons and spoilers. The ailerons are also used to reduce wing 
bending moments when the aircraft undergoes normal acceleration as a 
result of maneuvers or gusts. In this technique, called active load distri-
bution control system (ALDCS), the ailerons are symmetrically deflect-
ed in response to signals received from accelerometers located in vari-
ous parts of the aircraft. For a positive acceleration, the ailerons are 
deflected upward whereby the load is shifted inboard and thus the 
wing-root bending moments are reduced. This technique is expected to 
find application in many new aircraft designs. 

The empennage consists of a horizontal tail mounted in the T-po-
sition at the top of the swept vertical fin. According to reference 158, 
this arrangement, rather than a low-tail arrangement, results in a 
weight savings. The horizontal tail consists of elevators and an adjusta-
ble stabilizer. No trim tabs are provided. 

The high-wing position employed on the C-5A is advantageous for 
a cargo aircraft because it allows trucks and other types of equipment 
to move beneath the wing, and the bottom of the fuselage can be 
brought close to the ground for easy cargo loading without causing in-
terference with the engines. A rear door, which serves as a loading 
ramp when lowered, is deployed from the bottom of the upswept aft 
portion of the fuselage. The proximity of the bottom of the fuselage to 
the ground results in a ramp with only a small inclination to the 
ground; thus, vehicles can be readily driven or pushed into the aircraft. 
The rear door is also used for aerial deployment of vehicles and equip-
ment by parachute. The fuselage is provided with a forward loading 
door in the nose of the aircraft. The door is like a visor and lifts up 
and over the flight deck (somewhat like that shown in fig. 13.31 for the 
Boeing 747 freighter). The entire cross-section of the cargo compart-
ment is exposed when the nose visor is raised. Figure 13.35 shows a 
rear view of the C-5A with both forward and aft doors open and with 
various types of equipment ready for loading. 

The length of the C-5A cargo deck, excluding the loading ramps, 
is about 121 feet, and the maximum width is 19 feet. The height of the 
cargo compartment is 13.5 feet. In addition to the lower cargo com-
partment, the fuselage also has an upper deck divided into three sec-
tions. The forward section contains the flight deck and is followed by a 
rest area for 15 people that is usually occupied by relief crews. The 
flight crew of five persons consists of the pilot, copilot, flight engineer, 
navigator, and load master. Behind the rest area is a passenger com-
partment that will accommodate 75 fully equipped troops. The lower 
cargo compartment may also be utilized for troop transport; for this 
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purpose, the aircraft can carry 270 soldiers. Both the lower cargo com-
partment and the upper deck are fully pressurized. 

The capability for operation from semiprepared runways was one 
of the specified design requirements of the C-5A cargo transport. The 
achievement of a relatively low unit loading on the runway surface was 
therefore necessary. In order to meet this design requirement, the 
main landing gear is equipped with 24 wheels, and the nose gear has 4 
wheels. The main gear consists of four struts to which are attached six-
wheel bogies. Each bogie has a two-wheel truck forward of the strut 
and two two-wheel trucks located side by side behind the strut. In 
order to provide further flexibility in rapidly adapting the aircraft to 
various runway-bearing capabilities, the pressure in the tires can either 
be increased or decreased while the aircraft is in flight. The landing-
gear bogies may be set at an angle of as much as ±20° from the cen-
terline of the aircraft to simplify takeoff and landing operations in vari-
ous crosswind conditions. Ground maneuverability is enhanced by al-
lowing the front two bogies to castor freely while the aircraft is being 
taxied. The landing gear is also provided with a kneeling capability to 
lower the floor of the main deck for ease of transferring cargo from a 
truck to the aircraft. With the landing gear in the kneeling position, the 
lower deck is just over 4 feet from the ground at the front loading door 
and just over 5 feet from the ground at the rear door. The highly ver-
satile landing gear may be seen in figures 13.33 and 13.34. 

With a gross weight of 769 000 pounds, the C-5A is a very large 
aircraft by any standard. The data in table VII show that the C-5A, in 
comparison with the 747-200B, has a larger wing span and area and a 
greater fuselage length. The 747 is, however, somewhat heavier than 
the C-5A. An indication of the large size of the aircraft can be obtained 
from figure 13.36, which shows a man standing on the horizontal tail. 
The aircraft is capable of performing missions with various combina-
tions of range and payload. Two mission profiles given in table VII indi-
cate a range of 3744 miles with a payload of 220 967 pounds and 6521 
miles with a payload of 112 600 pounds. The aircraft has a maximum 
cruising speed of 541 miles per hour at an altitude of 25 000 feet. This 
corresponds to a Mach number of 0.78. The stalling speed at maximum 
landing weight is 120 miles per hour. 

As indicated previously, the final C-5A was delivered to the USAF 
in May 1973. A recent decision has been made, however, to put the 
type back in production to augment the United States' heavy air-lift ca-
pability. The new aircraft will be designated the C-511, of which the 
total number to be procured has not been finally determined.
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Conclusion 
The introduction of the first jet transport over a quarter of a cen-

tury ago marked the beginning of a transportation revolution. The 
modern jet transport has altered forever the travel concepts and habits 
of people all over the world. 

An account of the technical development of the jet transport has 
been presented from the pioneering DeHavilland Comet of the early 
1950's to the highly efficient, safe, reliable, and economical transport 
aircraft of today. Many of the transport aircraft currently in production 
will continue to be produced for many years. Improvements, modifica-
tions, and adaptations to new routes and markets will be made to cur-
rent aircraft as time and circumstances change and as new technologies 
evolve. 

Several entirely new aircraft will probably be developed in the next 
two decades. These new aircraft will no doubt utilize emerging new 
technologies in aerodynamics, structures, guidance and control, and 
propulsion. Improved aerodynamic design, composite structures, active 
controls, and engines of improved efficiency and reduced noise are 
only a few of the new technical developments that suggest themselves. 
The increased cost of fuel will place a great emphasis on energy-effi-
cient aircraft. Accordingly, aerodynamic and propulsion-system efficiency 
and light structural weight will be of greater importance than ever before. 

462



Chapter 14 
Business Jet Aircraft 

Background 

T
he venerable Curtiss Jenny may have been the first aircraft to be 
used for business purposes. In the late 1920's and early 1930's, 

higher performance aircraft were adapted to business use. Although 
several Ford trimotor airliners were converted for corporate oper-
ations, most business aircraft of this period had a single engine and an 
open cockpit or small cabin. The long-lived twin-engine Beech model 
18, first flown in 1936, was probably the first multiengine aircraft 
designed specifically for business use. Following World War II, the 
Douglas DC-3 was extensively involved in corporate flying, and in the 
1950's a number of smaller aircraft equipped with two reciprocating 
engines were offered for this purpose. A large number and variety of 
such aircraft are still on the market today. (See chapter 6.) 

The first jet-powered aircraft designed especially for business use 
began to appear in the late 1950's and early 1960's. Presently, no fewer 
than 9 companies in 6 different countries are offering 18 various 
models ofjet-powered business aircraft. The world fleet of such aircraft 
now totals more than 2900 (ref. 144). Some of the design features and 
characteristics of business jet aircraft are discussed in the next section, 
after which eight representative aircraft types are illustrated and de-
scribed. Physical and performance characteristics of these aircraft are 
given in table VIII (appendix A), which contains the same quantities 
presented in table VII for jet transport aircraft. Note, however, that the 
values of range given in table VIII are based on a reserve-fuel allow-
ance sufficient for 45 minutes of flying after the destination airport is 
reached. This standard has been adopted by the National Business Air-
craft Association and is different from the rules described in appendix 
G for transport aircraft.
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Configuration Features 
Most business jet aircraft are of low-wing design and have engines 

mounted at the aft end of the fuselage. Except for one three-engine 
and one four-engine design, all are powered with two engines. Both 
pure jets and turbofan engines are used. Most of the modern aircraft 
produced today have turbofan engines; some of these are repowered 
versions of aircraft that originally appeared with turbojet engines. The 
wings of most of the aircraft have a modest amount of sweepback, al-
though one business jet described below has a sweptforward wing. 

Like any aircraft, the size and performance of business jets vary 
with the function for which the aircraft has been designed. Aircraft are 
available that vary in gross weight from about 11 000 to 65 000 
pounds. Cruising speeds lie in the range from 0.7 to 0.85 Mach 
number. Ranges vary from intercontinental values to as low as 1150 
miles. Many of the new aircraft being produced have at least nonstop 
transcontinental capability. The number of passengers that can be ac-
commodated, even on aircraft of the same design, varies widely de-
pending on the interior cabin arrangements. Aircraft can be found with 
the capability of carrying from 5 to 19 passengers. 

Most corporate aircraft are expected to operate from a wide variety 
of airports. The landing and takeoff field lengths they require are ac-
cordingly shorter than those for the larger transport aircraft. The de-
sired landing and takeoff field lengths of business jets, as compared 
with transports, are usually obtained through a combination of low 
wing loading and high thrust-to-weight ratio, together with a relatively 
simple high-lift system. A simple slotted trailing-edge flap frequently 
constitutes the entire high-lift system. 

The small size of many business jets imposes certain design con-
straints not encountered in large transport aircraft. One dimension that 
cannot be scaled as the size of an aircraft is reduced is the size of the 
human body that occupies the cabin. This essentially invariant dimen-
sion is usually a predominant factor in determining the fuselage diame-
ter. A small fuselage diameter is desirable in order to reduce weight 
and to maintain as low a value of the ratio of wetted area to wing area 
as possible. Accordingly, only the very large business jets have a cabin 
diameter sufficiently large to accommodate a person standing in an up-
right position. Figure 14.1 shows the cabin size of three business air-
craft relative to a 6-foot-tall person. Some of the smaller aircraft are 
essentially sit-down vehicles in much the same sense as an automobile. 
Some feature a cabin diameter that permits limited mobility in a 
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JetStar	 Falcon	 Learjet 

Figure 14.1 - Cabin interiors of three business jet aircraft. 

stooped posture. A cabin floor free of obstructions is a desirable fea-
ture intended to reduce the possibility of a passenger tripping or fall-
ing. Such a floor design requires that the wing carry-through structure 
be either beneath or behind the cabin. There are disadvantages to both 
arrangements. An increase in fuselage diameter results from passing 
the wing structure entirely beneath the floor; whereas, placing the wing 
behind the cabin may result in a center of gravity that is farther for-
ward than desired. Placement of the wing carry-through structure 
behind the cabin combined with the use of a sweptforward wing offers 
a means for overcoming the disadvantages of the other two methods of 
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achieving an unobstructed cabin floor. The German Hansa jet de-
scribed below utilized this design concept. 

Two other size-related design factors are worth mentioning. The 
short distance between the ground and the bottom of the wing pre-
cludes the use of the under-wing-engine mounting and is largely re-
sponsible for the aft-engine location employed on all current business 
jet aircraft. Two alternative arrangements suggest themselves: (1) a 
high wing location with engines mounted beneath the wing or (2) a low 
wing configuration in which the engines are mounted on top of the 
wing. So far, neither of these arrangements has been utilized on a busi-
ness jet, although one small transport aircraft (the VFW Fokker 614) 
has been produced that employs the over-wing-engine arrangement. In 
most cases, the aft-engine arrangement used on business jets forces the 
horizontal tail to the tip or part way up the vertical tail. Possible prob-
lems associated with a high horizontal-tail location are discussed in 
chapter 10. Finally, the small size of the business jet results in a Rey-
nolds number' that is much lower than the Reynolds number charac-
teristic of transport aircraft. That portion of the drag coefficient attrib-
utable to skin friction is accordingly higher for the small aircraft. For 
example, if all the dimensions of a small business jet are assumed to be 
one-fifth those of a large jumbo jet, the skin-friction drag coefficient of 
the small aircraft will be about 30 percent higher than that of the 
jumbo aircraft. For this reason and because the ratio of wetted area to 
wing area may be higher than that of many larger aircraft, the maxi-
mum lift-drag ratios characteristic of business jet aircraft tend to be 
lower than those of the large transports. 

Representative Aircraft Types 
Eight representative business jet aircraft are briefly described 

below and are illustrated in figures 14.2 to 14.10. Information on the 
many different models of business jet aircraft now available may be 
found in references such as reference 144 and the various issues of 
Jane's All The World's Aircraft. 

Lock heed JetSta r 

The first of the dedicated business jets, the Lockheed JetStar, com-
pleted its maiden flight in September 1957. Initial development of the 

'The Reynolds number is a nondimensional quantity expressing the ratio of inertia to viscous 
forces in the fluid flow. Reductions in aircraft size and speed as well as increases in flight altitude 
cause a reduction in Reynolds number. In most practical cases, a reduction in Reynolds number 
causes an increase in skin-friction drag. 
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Figure 14.2 - Four-engine Lockheed JeiStar. [Peter C. Boisseau] 

aircraft was undertaken as a private venture. The first two prototypes 
were equipped with two Bristol Sicideley Orpheus turbojet engines. 
The aircraft was later entered in an Air Force competition for a small 
four-engine utilit y and personal transport, and in this version was 
equipped with four Pratt & Whitney JT- 12-8 turbojet engines of 3300 
pounds thrust each. The JetStar won the Air Force competition and in 
that service is known as the C-140. The aircraft is shown in figure 14.2. 
Production of the original JetStar ended in 1973; however, ab im-
proved version known as the JetStar II, powered with four Garrett TFE 
731 turbofan engines of 3700 pounds thrust each, was offered by Lock-
heed in 1976. Production of the t ype ended late in 1978, at which time 
a total of 160 JetStar aircraft had been built. 

The JetStar, with a gross weight of 42 500 pounds, is one of the 
heaviest of the business jets. A typical cabin configuration accommo-
dates 8 to 10 passengers; a range of 2415 miles is possible with a pa y

-load of 3500 pounds. Takeoff and landing field lengths are 4700 and 
3550 feet, respectivel y . These field lengths are based on climb and de-
scent over a 504ot obstacle, however, and are not to be compared 
with the FAR field lengths given in table VII for transport aircraft. 
Maximum cruising speed is 567 miles per hour at 2 1 000 feet, which 
corresponds to a Mach number of 0.80. 

Wing of the JetStar is characterized by a 30° sweephack angle, an 
aspect ratio of 5.3, and airfoil section thickness ratios that vary from 12 
percent at the root to 9 percent at the tip. An instant recognition fea-
ture of the aircraft is provided by the large external fuel tank located at 
the midspan position of each wing. Unlike most business jet aircraft, 
the high-lift system of the JetStar is relatively complicated and consists 
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of a double-slotted trailing-edge flap and a leading-edge flap. Lateral 
control is provided by ailerons without the assistance of spoilers, and a 
speed brake is located on the underside of the fuselage. The longitudi-
nal trim s ystem is unusual in that the stabilizer is fixed to the fin, which 
pivots to change the stabilizer angle An indication of this pivoting 
action is provided in figure 14.2 by the apparently unpainted portion of 
the lower part of the fin. All controls are power operated. 

Gates Learjet 24B and 55 

The prototype Learjet model 23 made its first flight in October 
1963 and may be considered as the progenitor of a whole famil y of 
Gates Learjet business aircraft of different gross weight, passenger ca-
pacity, and range. All the aircraft, however, are of the same basic con-
figuration. The data in table VIII are for the Gates Learjet model 24B, 
shown in figure 14.3. Deliveries of model 24 began in 1966, and model 
24B was certified in December 1968. Over 1000 aircraft of all versions 
had been built by the end of 1980, and several models are in produc-
tion at this time. 

The Learjet model 24B is one of the smaller business jets with a 
gross weight of 13 300 pounds and a cabin configured to accommodate 
a maximum of six passengers. The aircraft has a range of 1271 miles 
with a maximum payload of 1910 pounds; and with full fuel tanks and a 
reduced payload, the maximum range achievable is 2041 miles. The 
maximum cruising speed is 534 miles per hour, and the cost-economi-
cal speed is 508 miles per hour. Both of these speeds are at 41 000 
feet; the corresponding Mach numbers are 0.81 and 0.77. The Learjet 
model 24B is equipped with two General Electric CJ610-4 turbojet en-

Figure 14.3 - Gates Learjet 24B. [Peter C. Boisseau] 
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gines of 2850 pounds thrust each. These engines, together with the 
low gross weight, give a high takeoff thrust-to-weight ratio of 0.43. 
This value of the thrust-to-weight ratio is much higher than any of 
those given in table VII for transport aircraft and is about the same as 
that of the well-known North American F-86D fighter of the 1950's. 
(See chapter 11.) As can be seen from the table, the high thrust-to-
weight ratio, coupled with a wing loading of only 57.4 pounds per 
square foot, gives an outstanding short takeoff capability. 

\Ving-planform shape of all Gates Learjet aircraft is characterized 
by a small sweepback angle of 13°, together with a straight trailing 
edge. Shape of the wing can be seen in the view of a Gates Learjet 25C 
shown in figure 14.4. Wing airfoil-section thickness ratio is 10.9 per-
cent. The high-lift system employed on the wing is simple and consists 
only of a single-slotted trailing-edge flap; no leading-edge devices are 
used. Ailerons, rudder, and elevators are manuall y actuated; spoilers 
for increasing drag and reducing lift are located ahead of the flaps and 
are power actuated. Longitudinal trim is achieved by varying the inci-
dence of the stabilizer. Possible deep-stall problems (see chapter 10) 
associated with the T-tail are avoided by the use of a combined stick 
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Figure 14.4 - Gates Learjet 25C showing wing-planform shape. [mfr]
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shaker/pusher. As in the case of the JetStar, part of the fuel load of the 
Gates Learjet 24B is carried in external fuel tanks; the tanks on the 
Gates Leaijet, however, are located at the wingtip instead of the mid-
span position emplo yed on the JetStar. 

Latest version of the Gates Learjet to be offered is the model 55, 
which is depicted in figure 14.5. Comparison of the data in table VIII 
between this model and model 24B shows that model 55 is larger, 
heavier, more commodious, and has a much longer range. Not shown 
by the data in table VIII is the cabin size of the Gates Learjet, which 
for model 55 is about a foot larger in both width and height than for 
earlier versions of the aircraft. Power in the Gates Learjet 55 is sup-
plied by two AiResearch TFE 731-3 turbofan engines of bypass ratio 
2.79 and thrust of 3650 pounds each. The lower specific fuel consump-
tion of these engines as compared with that of the turbojets employed 
on model 24B is no doubt partly responsible for the increased range 
capabilit y of the new aircraft. The large nacelles required to accommo-
date the turbofan engines are clearl y evident in figure 14.5. 

Perhaps the most noteworthy recognition feature of the Gates 
Learjet 55 is the small winglike vertical surfaces located at each wing-
tip. These tip devices are a modern development (b y Dr. Richard T. 

fgure 14.5	 Gates Leaijet ,nude/ 55. IrnIr I 
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Whitcomb of the NASA Langley Research Center) of an old concept 
that is intended to trick the flow over the wing into behaving as though 
the wing span, and thus aspect ratio, is greater than is actually the case. 
"Winglet" is the popular name for one of these tip devices. The use of 
winglets causes a reduction in induced drag , and 'a consequent increase 
of a few percent in maximum lift-drag ratio; some improvement in 
climb performance is also attributed to their use. At least two other 
new aircraft employ winglets. 

Not evident in figure 14.5 is the increased wing span of model 55 
as compared with earlier models of the Gates Learjet. The correspond-
ing aspect ratio of the new aircraft is 7.3, as compared with 5.4 of 
model 24B. Improved airfoil sections are incorporated in the wing of 
model 55, as are fences and other flow-control devices designed to im-
prove stalling characteristics. Control and high-lift systems are essen-
tially the same as described for model 24B. 

The Gates Learjet 56 is similar to the 55 but has a larger fuel ca-
pacity and longer range, coupled with a somewhat reduced passenger 
capacity. Detailed descriptions of the models 55 and 56 as well as 
others in the Gates Learjet series of aircraft may be found in reference 
130. 

Dassault-B reguet Falcon 20 

The Falcon 20 is one of a series of business jets manufactured by 
the French firm of Dassault-Breguet. The aircraft, with a gross weight 
of 28 660 pounds, lies in a weight class about midway between the Jet-
Star and the Gates Learjet 24B. Power is supplied by two General Elec-
tric CF700 aft fan engines of 4315 pounds thrust each and bypass ratio 
1.9. The Falcon 20 is used extensively in the United States and is fre-
quently referred to as the Fan-Jet Falcon in this country. First flight of 
the aircraft equipped with the General Electric engines took place in 
July 1964. A Falcon 20 is shown in figure 14.6. 

The aircraft has a maximum payload capability of 3320 pounds 
and features a cabin that can accommodate 8 to 10 passengers. With a 
reduced payload of 1600 pounds, the aircraft has a range of 2220 
miles. Maximum cruising speed is 535 miles per hour at 25 000 feet, 
and cost-economical speed is 466 miles per hour at 40 000 feet. The 
corresponding Mach numbers are 0.77 and 0.70, respectively. The data 
in table VIII indicate about the same landing and takeoff field lengths 
for the Falcon 20 as for the JetStar. 

Configuration of the Falcon 20 is characterized by a wing of 30° 
sweepback angle, an aspect ratio of 6.5, and airfoil-section thickness 
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Figure 14.6 - Dassault-Breguet Falcon 20 business Jet with aft-fan General Electric 

engines. [Peter C. Boisseau] 

ratios that vary from 10 percent at the root to 8 percent at the tip. 
Figure 14.6 shows a large flow-control fence on top of the wing part 
wa y between the root and tip. A leading-edge flap, similar to an unslot-
ted slat, is employed inboard of the fence and a conventional slat is 
utilized outboard. A single-slotted trailing-edge flap completes the 
high-lift system. Lateral control is provided by ailerons alone. Spoilers 
located ahead of the flaps are deployed s ymmetrically to increase the 
drag for braking and rapid descent and are not part of the lateral con-
trol system. Longitudinal control is provided b y elevators, and trim is 
maintained with an electrically driven stabilizer. With the exception of 
the stabilizer, all the movable surfaces are h ydraulically actuated. 

The Falcon 20 and its derivatives continue in production. In addi-
non to use as an executive transport, the aircraft is also available in a 
cargo version. The latest in the Falcon series, the Falcon 50, is 
equipped with three engines located in a manner similar to that of the 
Boeing 727. 

Gulfstream Aerospace Gulfstream II 
An examination of the data in table VIII indicates that the Gulf-

stream 11 , 2 shown in figure 14.7, is heavier in weight, larger in size, 
faster in speed, and longer in range than any of the other business air-
craft. For example, the gross weight of the Gulfstream II is 62 500 

2 the original Gtilltreaii It was des eloped hs a division of the Grumman Aerospace Corpora-

tion. For several sears, however, this division has been owned hs what is now known as the Gulf-

stream Aerospace Corporation. 
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Figure 14. 7 - Gulfstream Aerospace Gu?fstream H. [Peter C. Boisseau] 

pounds, nearl y five times that of the Gates Learjet 24B, and the wing 
area is about three-and-a-half times that of the smaller aircraft. The 
Giilfstream II has an intercontinental range capabilit y and a maximum 
cruising speed of 588 miles per hour, or Mach number of 0.85, at an 
altitude of 25 000 feet. The aircraft, frequentl y referred to as the G-II, 
was developed as a jet-powered successor to the highly successful tur-
boprop-powered Gulfstream I. First flight of the G-II took place in Oc-
tober 1966. and a total of 256 units were manufactured before produc-
tion ended in 1979. The more advanced Gulfstream III became avail-
able in late 1980. 

The Gulfstream II is a low-wing configuration incorporating a

tail and a wing of aspect ratio 6.0, 25° sweepback, and airfoil sections 

vary ing in thickness ratio from 12 to 8.5 percent. Power is supplied by 

two Rolls-Royce Spey MK 511-8 turbofan engines of 11 400 pounds

thrust each. These engines are equipped with a five-stage fan and have 

a bypass ratio of 0.64; target-type thrust reversers are emplo yed. The

high-lift system consists of single-slotted trailing-edge flaps. Lateral

control is provided by a combination of ailerons and spoilers. The 

spoilers ma y also be deployed symmetricall y to increase drag and

reduce lift. Elevators are used for longitudinal control, and trim is ac-
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complished with a variable incidence stabilizer. All controls are hydrau-
lically actuated. 

The passenger cabin of the Gulfstream II is usually configured for 
10 to 14 passengers (maximum capacity of 19 passengers). The range-
payload data given in the references are incomplete but indicate a 
range of 3881 miles with maximum fuel. Takeoff and landing distances 
are in the same class as those of the Lockheed JetStar. 

As compared with the Gulfstream II, the Gulfstream III is slightly 
larger and heavier and has a greater range. The appearance of the new 
aircraft, however, differs little from that of the Gulfstream II. Winglets 
similar to those employed on the Gates Learjet 55 provide the primary 
identification feature of the Gulfs tream III. 

Cessna Citation 

The Cessna Citation I and II are small business jet transports in 
the same weight class as the Gates Learjet. Low first costs, economy of 
operation, safety, and viceless handling characteristics were among the 
design objectives. In order to provide wide operational flexibility, the 
aircraft was designed to take off and land from most fields used by 
light and medium twin-engine propeller-driven aircraft, and from un-
paved runways. First flight took place in September 1969, and the air-
craft was certified in September 1971. That the Citation I and II have 
been widely accepted is clearly demonstrated by the more than 1000 
aircraft that have been produced; the type is still in production and will 
likely continue to find a significant share of the business jet market for 
a number of years. Although the Citation I and II are similar in appear-
ance, the Citation II is somewhat larger and heavier than the Citation I 
and has a longer range capability. A Citation I in flight is shown in 
figure 14.8, and data are given in table VIII for the Citation II. 

The Citation II has an unswept wing, an aspect ratio of 8.3, and 
airfoil-section thickness ratios that vary from 14 percent at the root to 
12 percent at the tip. The horizontal tail is located near the root of the 
vertical fin and incorporates a small amount of dihedral to reduce im-
mersion in the jet exhaust. To improve directional stability, the vertical 
tail has a relatively large dorsal fin together with a small ventral fin. 
Power is supplied by two Pratt & WhitneyJT15D-4 turbofan engines of 
2500 pounds thrust each and bypass ratio of 3.3. 

The high-lift system on both versions of the Citation consists of a 
single-slotted trailing-edge flap; no leading-edge devices are employed. 
Spoilers located on the upper wing surface ahead of the flap are used 
as air brakes and are not part of the lateral control system, which uti-
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Figure 14.8 - Cessna Citation I. [mfr] 

lizes onl y ailerons. Longitudinal control is b y elevators, and trim is ob-
tained by an electricall y operated trim tab on the elevator. All controls 
are manually operated. 

The Citation II has a gross weight of 13 300 pounds and a cabin 
that is usually configured to carry from 6 to 10 passengers. With six 
passengers, the aircraft has a range of 1969 miles. Normal cruising 
speed is 443 miles per hour, which corresponds to a Mach number of 
0.64 at 25 000 feet; maximum operating speed is 485 miles per hour at 
25 000 feet, which gives a Mach number of 0.70. The stalling speed of 
94 miles per hour is the lowest of any of the aircraft listed in table 
VIII. This low stalling speed is obtained with a relativel y simple high-
lift system because the wing loading is only about 41 pounds per 
square foot. This low wing loading together with the high thrust-to-
weight ratio of 0.38 are responsible for the short takeoff distance given 
in the table. 

To complement the highly successful Citation I and II line of busi-
ness jets, Cessna is now producing an entirely new aircraft of higher 
performance, the Citation III. First flight of this aircraft took place in 
May 1979, and first deliveries were scheduled for 1983. As can be seen 
from figure 14.9, the Citation III bears no resemblance to the earlier 
Citation I or Citation II. Instead of a straight wing, the new aircraft has 
a 25° sweptback wing of 9.11 aspect ratio. Incorporated in the wing are 
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Figure 14.9 - Cessna Citation HI. [mfr] 

NASA supercritical-type airfoil sections that vary in thickness ratio from 
16 percent at the root to 12 percent at the tip. The high-lift system 
consists of trailing-edge slotted flaps; lateral control is provided by 
spoilers and small ailerons. In contrast to earlier Citations, the Citation 
III employs a T-tail. The aircraft is powered by two AiResearch TFE 
731-3 turbofan engines of 3650 pounds thrust each and 2.79 bypass 
ratio. To assist in braking on landing rollout, the engines are equipped 
with hydraulically actuated thrust reversers. 

An examination of the data in table VIII shows that the gross 
weight of the Citation III is in the same class as that of the Gates Lear-
jet 55. The aircraft has a maximum passenger capacity of 13 and is ca-
pable of carrying 6 passengers (plus 2 pilots) over a nonstop United 
States coast-to-coast range of 2875 miles. Maximum cruising speed is 
539 miles per hour at 33 000 feet (M=0.81), and maximum certified 
cruising altitude is 51 000 feet. Stalling speed is a relatively low 104 
miles per hour and results from a combination of low wing loading, 
good high-lift flaps, and high maximum-lift characteristics of the blunt 
leading-edge supercritical airfoil sections. 

Indeed, the Citation III appears to be a worthy stablemate to the 
highly successful Citation I and II aircraft. 

476



BUSINESS JET AIRCRAFT 

MBB HFB 320 Hansa 

The German MBB HFB 320 Hansa is included in this brief over-
view of business jet aircraft because of its interesting and unique con-
figuration. It features a sweptforward wing, as shown in figure 14.10. 
Design of this unusual aircraft was begun in March 1961, and first 
flight took place in April 1964. Production of the aircraft began in 
1966 and continued until approximatel y 50 units were manufactured. 

The desirabilit y of an unobstructed cabin floor and some of the 
means for achieving this objective are discussed at the beginning of this 
chapter. The wing of the Hansa is mounted near the middle of the fu-
selage (in the vertical sense), and the wing carry-through structure is 
located behind the passenger cabin. In order to place the wing aero-
dynamic center in the desired position relative to the aircraft center of 
gravity, 150 of forward sweep is incorporated in the wing. Fuel tanks 
are mounted at each wingtip; the small horizontal surfaces seen at the 
rear end of the tanks help to stabilize the wing-tank system against di-
vergence. (See the section on swept wings in chapter 10.) The landing 
gear retracts into blisters located on the fuselage at the wing root, and 
the empennage incorporates a horizontal tail mounted at the top of the 
vertical surface in the I position. Power is supplied by two General 
Electric CJ610-1 turbojet engines of 2850 pounds of thrust each. 

In contrast to a sweptback wing, which stalls initially at the tip, a 
wing with forward sweep stalls first at the root. Initial stall at the wing 
root can produce pitch-up just as does tip stall on a sweptback wing. 

= 

Figure 14.10 - View of MBB HFB 320 Hansa showing unusual swepiforward wings. 

[Flt. Intl.]
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To alleviate this problem, an inboard leading-edge slat and a large 
upper surface fence located at about mid semispan are used for stall 
control on the Hansa. The high-lift system utilizes these devices as well 
as a trailing-edge double-slotted flap. Upper and lower surface spoilers 
are deployed symmetrically for the purpose of increasing drag and de-
creasing lift, and ailerons are used for lateral control. Trim about all 
three axes is provided by tabs on the ailerons, elevators, and rudder; 
the horizontal stabilizer is not adjustable. 

Gross weight of the Hansa is 18 740 pounds, and the aircraft can 
carry a maximum payload of 2650 pounds for a distance of 949 miles; 
with full fuel tanks and a reduced payload of 1760 pounds, the range is 
1668 miles. The cabin is usually configured for nine passengers. Maxi-
mum cruising speed is 509 miles per hour at 26 0CJ feet, which corre-
sponds to a Mach number of 0.74. Landing and takeoff field lengths 
are comparable with those of the Falcon 20. 

A configuration layout incorporating a sweptforward wing would 
seem to offer interesting possibilities for the business jet aircraft. The 
reason for the short production life of the Hansa is not known. Perhaps 
the configuration concepts employed in this aircraft will be examined 
again at some time in the future. The divergence problem of the swept-
forward wing may be alleviated without a significant weight penalty by 
the use of composite materials that permit a degree of control over 
wing torsional stiffness not possible with conventional metal structures. 
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Appendix B 

Symbols and Abbreviations 

Symbols
A wing aspect ratio, b 2/S for monoplanes and (Kb) 2/S for 

multiplanes (see app. C for values of K, Munk's span 
factor) 

b wing span (span of upper wing is given for biplane con-
figurations), feet 

c wing chord, feet 

cd section drag coefficient 
C, specific fuel consumption, pounds of fuel per brake horse-

power per hour 

cr wing root chord, feet 

ct wing tip chord, feet 

Q section lift coefficient 

Q,max section maximum lift coefficient 

cic/CL span-loading parameter 

mean aerodynamic chord, feet 

CD drag coefficient 

CD.O zero-lift drag coefficient 

C D ,min minimum drag coefficient 

CL lift coefficient 

CL,max maximum lift coefficient 

Cm pitching-moment coefficient 

CF skin friction parameter (drag coefficient based on total 
wetted area) 

D drag, pounds
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f drag area, CD,OS 

g acceleration due to gravity 

h altitude, feet 

hce service ceiling, feet 

hsL sea-level rate of climb, feet per minute 

H power parameter, 

V -ri;- 

1 aircraft length, feet 

landing field length, feet 

iT takeoff field length, feet 

(L/D) max maximum lift-drag ratio 

M Mach number 

P engine power, horsepower 

P0 maximum power available at sea level, horsepower 

R aircraft range, statute miles 

RD mission radius, statute miles 

RF ferry range, statute miles 

Rh hypothetical range, statute miles 

S wing area (includes both wings for biplanes), square feet 

T time required to climb to specified altitude, minutes; or 
thrust, pounds 

T/W thrust-to-weight ratio or thrust loading 

t/c airfoil-section thickness ratio, percent 

U useful load fraction, l_(We/Wg) 

V speed, miles per hour (statute miles) 

V cruising speed, miles per hour (statute miles) 

Vce cost-economical cruising speed, miles per hour (statute 
miles) 

Vmax maximum speed, miles per hour (statute miles) 

Vs stalling speed, miles per hour (statute miles) 

W aircraft weight, pounds
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We	 aircraft empty weight, pounds 
Wg	 aircraft design gross weight, pounds 
Wg/S	 wing loading for design gross weight, pounds per square 

foot 
wip0	 power loading for design gross weight, pounds per horse-

power

WL maximum aircraft landing weight, pounds 
Wmax aircraft maximum gross weight, pounds 
WP payload weight, pounds 
Wt propulsion-system weight, pounds 
Wt/W9 engine weight fraction 
W/P power loading, pounds per horsepower 
W/S wing loading, pounds per square foot 
y distance along wing span measured from wing centerline, 

feet 
a angle of attack, degrees 
a0 section angle of attack (fig. 5.6), degrees 

percentage of maximum sea-level power 
semispan	 wing	 position,	 2y/b;	 or	 overall	 propulsion-
system efficiency, percent 
engine cycle efficiency, percent 
propulsive efficiency, percent 

A wing sweepback angle, measured at wing quarter-chord 
line unless otherwise noted, degrees 

X wing taper ratio, Tip chord/Root chord 

P atmospheric density 

po atmospheric density at sea level 
a. atmospheric density ratio p/po 

Abbreviations 
AAHS American Aviation Historical Society 
AIAA American Institute of Aeronautics and Astronautics 
AIRCO Aircraft Manufacturing Company 
ALCM air-launched cruise missile 
ALDCS active load distribution control system 
ATA Air Transport Association
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AWACS	 airborne warning and control system 
BOAC	 British Overseas Airways Corporation 
CAP combat air patrol 
FAA Federal Aviation Administration 
FAR Federal Air Regulations 
Fit. Intl. Flight International Magazine 
FOD foreign object damage 
JATO jet-assisted takeoff 
LABS low-altitude bombing system 
LaRC Langley Research Center 
LMAL Langley Memorial Aeronautical Laboratory 
MAP Military Assistance Program 
mfr manufacturer 
NACA National Advisory Committee for Aeronautics 
NASA National Aeronautics and Space Administration 
NASM National Air and Space Museum 
NBAA National Business Aircraft Association 
RAF Royal Air Force 
RPM revenue passenger mile 
SAC Strategic Air Command 
SCRAM short-range attack missile 
STOL short takeoff and landing 
STOVL short takeoff and vertical landing 
ukn unknown 
USAF United States Air Force 
USAAF United States Army Air Force 
USN United States Navy 
VIFF vectoring in forward flight 
VSTOL vertical/short takeoff and landing 
VTOL vertical takeoff and landing 
WW World War
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Appendix C 

Estimated Aerodynamic Parameters 
Appendix C presents the methods employed for estimating the 

aerodynamic parameters given in tables I to IV in appendix A. The pa-
rameters were estimated from published performance data for the vari-
ous aircraft. In most cases, the performance data in the tables formed 
the basis for the calculations. The methods are briefly described in the 
following paragraphs. 

The zero-lift drag coefficient was determined from the equation 

CDO = CD-CDI	 (C 1) 

where 

CD,O	 zero-lift drag coefficient 

CD	 total drag coefficient for given combination of power, 
speed, and altitude 

CD,i	 induced drag coefficient corresponding to same flight 
conditions as total drag coefficient 

The total drag coefficient can be estimated from the following rela-
tionship:

CD = 1	
550-P	

(C2) 
po[uS(l .47V)3] 

where

propulsive efficiency 
P	 engine power, horsepower 
PO	 sea-level density, slugs per cubic foot 
a-	 atmospheric density ratio for some altitude other than sea 

level
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S	 wing area, square feet 
V	 speed, statute miles per hour 

Equation (C2) can be put in the form 

CD= 1.456x105 (_'
)	

(C3) 
tJSV) 

by substituting a value of 0.002378 for the standard atmospheric densi-
ty at sea level. Equation (C3) was used for estimating the value of the 
drag coefficient C D. The values of propulsive efficiency 'ij employed in 
equation (C3) varied between 0.70 and 0.85, depending on the aircraft, 
and were chosen on the basis of information contained in references 95 
and 120. 

The induced drag coefficient CD.i was obtained from 

(-' _'-L 
'-P.1 - 

and

CL =I	
w 

Po[ S(' .47V)2] 

which can be combined to give

4.822x 10 
A€u2V4 (W/S)

2	 (C4) 

where 

W	 weight, pounds 
W/S	 wing loading, pounds per square foot


airplane efficiency factor 
A	 aspect ratio, K2b2/S 
b	 wing span (upper wing span for biplanes and triplanes), 

feet 
S	 wing area (includes all wings for biplanes and triplanes), 

square feet 
K	 Munk's span factor (for biplanes and triplanes) 
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Munk's span factor is a function of the geometry of the multiplane 
wing arrangement and can be either less or greater than 1.0. On the 
basis of information given in references 46 and 103, an average value 
of the span factor of 1.1 was used for all biplane configurations, and 
values of K of 1.22 and 1.16, respectively, were used in computing 
the aspect ratios of the Fokker and Caproni triplanes discussed in chap-
ter 2. Values of the airplane efficiency factor in the range of 0.70 to 
0.75 were used, with the exact value dictated by the configuration and 
refinement of the aircraft. 

The value of the maximum lift-drag ratio (L/D) m was computed 
by equation (3.20) given in chapter 3 of reference 90 as 

(L/D)niax4
V CDO	 (C5) 

In addition to the assumptions described in the preceding para-
graphs, the accuracy of the calculated aerodynamic parameters depends 
on two other important assumptions. First, the accuracy of the calculat-
ed results obviously depends upon the accuracy of the published infor-
mation on the various aircraft; and, second, the accuracy depends on 
the completeness of the performance information. For example, can the 
power be determined for a given combination of speed and altitude. 
No general assessment of either of these possible sources of error can 
be made. Aerodynamic parameters for those cases in which the per-
formance data were incomplete or could not be estimated with reason-
able confidence were not included in the tables; and if comparative 
performance data for different aircraft showed unexplained anomalies, 
aerodynamic data were not presented for the aircraft whose published 
performance characteristics seemed questionable.
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Appendix D 

Biplane Terminology 

The terminology used to describe the major features of a typical 
double-bay biplane of the World War I time period is illustrated in 
figure D. 1. The number and arrangement of struts and wires employed 
in biplane design have varied greatly over the years; however, the 
terms indicated in the figure have survived and are still in use today in 
any discussion of modern-day sport or agricultural biplanes. A single-
bay biplane, in contrast to the two-bay arrangement shown in figure 
D.l, has only one set of interplane struts between the wings on either 
side of the fuselage, and a triple-bay design has three sets of such 
struts on either side of the fuselage. In contrast to the incidence wires 
shown in the figure, many biplane designs have utilized a single strut, 
in an "N" arrangement, connecting the front and rear interplane struts 
(see the Travelair 4000 in figure 4.5, for example). This configuration 
eases the task of rigging, or aligning, the wings in the correct relation 
to each other and the fuselage. The proper rigging of wire-braced air-
craft once formed an extremely important part of any aircraft erection, 
maintenance, or repair operation. Today, the experienced rigger is 
almost extinct, and the art is all but lost except for a few dedicated en-
thusiasts engaged in the restoration of antique aircraft or in the build-
ing and flying of sport biplanes. Decalage is a term, not illustrated in 
the figure, that is sometimes encountered in discussions of biplanes. It 
refers to the difference in angle of incidence at which the upper and 
lower wings are mounted on the aircraft. 

More may be found on biplane terminology, construction, and as-
sembly in references 26 and 79.
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Elevator control wires 

Control horn

Figure D. 1 - Terminology of a double-bay biplane; World War I time period. 
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Appendix E 

Mass-Flow Rate, Thrust, and Propulsive 
Efficiency 

Among the advantages of the turbofan are that, for a given energy 
addition per unit time (fuel-flow rate), the turbofan will produce more 
thrust and have a higher propulsive efficiency than will a turbojet with 
a gas generator of the same size and level of technical sophistication as 
the turbofan. These advantages can be explained by the following 
highly simplified analysis of an idealized turbofan engine. Assume the 
air that enters the inlet of the engine to have a free-stream velocity of 
V1 and a uniform exhaust velocity from the fan and gas generator of Ve. 
The mass flow entering the inlet per unit time is th. The thrust pro-
duced by the engine can then be expressed by the following simple re-
lationship if the static pressure in the exhaust is assumed to have the 
free-stream static value where the exhaust velocity is measured and the 
momentum of the fuel itself is neglected: 

Tm (Ve V i )=th AV	 (El) 
where T is the thrust. 

The amount of energy added to the flow by the fuel may be ex-
pressed as the difference between the kinetic energy per unit time en-
tering and exhausting from the engine and is given as follows: 

E=[ (v+iv)2_v12}=th AVV i(l+_)	 (E2) 

or with the use of equation (El), 

=E =TV(l+1 AV Vi)	 (E3) 
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The propulsive efficiency is defined as that fraction of the kinetic 
energy added to the mass flow m that is usefully employed in propel-
ling the aircraft. The propulsive efficiency , can be expressed in the 
following form:

TV.
(E4) 

Substitution of equations (El) and (E3) for the thrust and kinetic 
energy gives

2 
71p=2+ A 	 (E5) 

Vi 

Equation (E3) clearly shows that for a given thrust level, the required 
rate of energy input is reduced as the value of AV/Vi is decreased. For 
a given thrust level, equation (El) shows that as the value of AV is de-
creased, the mass-flow rate m must increase correspondingly. The most 
thrust is therefore obtained for a given energy input rate from the ad-
dition of a small velocity increment to a large mass-flow rate; and the 
propulsive efficiency, given by equation (E5), is increased as the value 
of AV is reduced. The turbofan engine therefore provides higher effi-
ciency and more thrust than a turbojet engine with the same rate of 
energy input and having the same component (compressor, burner, 
and turbine) efficiencies. 
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Appendix F 
Estimation of Overall Propulsion-System 

Efficiency 

The overall propulsion-system efficiency discussed in chapter 10 is 
the ratio of the power usefully expended in propelling the aircraft to 
the heating value of the fuel consumed per unit time. The overall pro-
pulsion-system efficiency is the product of the cycle efficiency i and 
the propulsive efficiency i. A simple method for estimating the overall 
propulsion-system efficiency is developed in the following for aircraft 
powered with either jet, turboprop, or reciprocating engines. The sym-
bols used in appendix F are defined as follows: 

cp	 specific fuel consumption, pounds of fuel per brake horse-
power per hour 

CT	 specific fuel consumption, pounds of fuel per pound of 
thrust per hour 

H	 heating value of fuel, British thermal units per pound 
h	 fuel-flow rate, pounds per hour 

J	 Joule's constant, 778 foot-pounds per British thermal unit 
M	 Mach number 
P	 power usefully expended in propelling the aircraft, foot- 

pounds per second 

power developed by engine, horsepower 

Q	 heat added by fuel per unit time, British thermal units per 
second 

T	 thrust, pounds 
V	 velocity, feet per second 

The jet propulsion system is considered first. In such a system the 
heat added per unit time is given by the following expression: 

HhJ	
(Fl) 

3600 
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and the power usefully expended in propelling the aircraft is 

	

P=TV	 (F2) 

The overall propulsion-system efficiency is then given by 

11— HhJ 

- 3600TV	 (F3) 

If the heating value of the fuel is taken as 18 500 British thermal units 
per pound, the overall propulsion-system efficiency is given by the fol-
lowing simple expression:

0.00025V 

	

CT	
(F4) 

since

h 

	

cT=T	 (F5) 

Expressed as a percentage, equation (F4) becomes 

0.025V 

	

CT	
(F6) 

Equation (F6) may also be expressed in terms of the Mach number as 

24.3M 

	

CT	
(F7) 

where the speed of sound has been taken as 971 feet per second (this 
value being for altitudes above the tropopause). 

An expression for the overall propulsion-system efficiency of pro-
peller-driven aircraft, powered with either reciprocating or turboprop 
engines, will now be developed. The capability of these types of en-
gines is usually expressed in terms of the power that they develop 
rather than their thrust. Consequently, the expression for the overall 
propulsion-system efficiency is developed in a slightly different way 
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than that used for jet-propelled aircraft. The amount of power devel-
oped by the engine will first be related to the engine cycle efficiency m. 
The amount of heat added to the engine per unit time, given by equa-
tion (F!), is also applicable to propeller-driven aircraft and is used in 
forming the following relationship:

iHhJ 
550Pe= 3600	 (F8) 

where the constant 550 converts the power Pe from horsepower to 
foot-pounds per second. If the specific fuel consumption cp is defined 
as the amount of fuel used per brake horsepower per hour, the cycle 
efficiency may then be expressed as follows: 

550(3600)
(F9) 

18 500(778)cp 

or

0.14 
Cp
	 (FlO) 

Expressed as a percentage, equation (FlO) for the cycle efficiency be-
comes

14 
Cp
	 (Fil) 

If the propulsive efficiency m is taken as 86 percent, a reasonable aver-
age value, the overall propulsion-system efficiency becomes 

12 
Cp
	 (F 12) 

Equations (F7) and (F12) were used in the construction of figure 10.2. 
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Appendix G 

Reserve-Fuel Requirements for Transport 
Aircraft 

Reserve-fuel requirements are discussed at some length in part 121 
of the Federal Air Regulations. GI Specific rules for calculating the 
amount of reserve fuel are given by the Air Transport Association G2 

The amount of reserve fuel given by these rules is in excess of mini-
mum FAR requirements but is representative of current airline oper-
ational practices. The amount of reserve fuel specified by reference G2 
depends upon the type of aircraft and the nature of its operation. For 
example, aircraft in domestic and international operations carry differ-
ent amounts of reserve fuel, as do supersonic and subsonic transport 
aircraft. The reserve-fuel rules are also different for propeller-driven 
aircraft equipped with reciprocating engines and for turbine-powered 
aircraft. 

The reserve-fuel requirements specified by reference G2 for sub-
sonic turbine-powered aircraft employed in domestic and international 
operations are given as follows: 

Domestic Operations 

(1) Fly for 1 hour at normal cruise altitude at a fuel flow for end 
of cruise weight at the speed for 99 percent maximum 
range. 

(2) Exercise a missed approach and climbout at the destination 
airport; fly to and land at an alternate airport 200 nautical 
miles distant. 

CI "Certification and Operations: Domestic, Flag, and Supplemental Air Carriers and Commer-
cial Operators of Large Aircraft," FAR Pt. 121. paragraph 121.195 (FAA, June 1974). 

G2 Standard Ale/hod of Estimating Comparative Direct Operating Costs of Turbine Powered Transport Air-

planes. (Air Transportation Association of America, December 1967). 
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International Operations 

(1) Fly for 10 percent of trip air time at normal cruise altitude at 
a fuel flow for end of cruise weight at the speed for 99 per-
cent maximum range. 

(2) Exercise a missed approach and climbout at the destination 
airport; fly to an alternate airport 200 nautical miles distant. 

(3) Hold for 30 minutes at alternate airport at 1500 feet alti-
tude. 

(4) Descend and land at alternate airport. 

Flight to Alternate Airport (All Airplanes) 

(1) Power or thrust setting shall be for 99 percent of maximum 
subsonic range. 

(2) Power setting for holding shall be for maximum endurance 
or the minimum speed for comfortable handling, whichever 
is greater. 

(3) Cruise altitude shall be the optimum for best range except 
that it shall not exceed the altitude where cruise distance 
equals climb plus descent distance. 
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FAR Landing And Takeoff Field Lengths 

The FAR landing and takeoff field lengths given in table VII con-
tain certain built-in safety margins to allow for unanticipated situations. 
Brief and somewhat oversimplified descriptions of these distances for 
dry, hard-surface, level runways in zero-wind conditions are given 
below. 

Landing Field Length 

The landing field length is defined by the Federal Air Regulations 
for transport-category aircraft. Briefly, the landing distance is meas-
ured, horizontally, from the point at which the aircraft is 50 feet above 
the surface, in steady gliding flight at an approach speed not less than 
1.3 times the stalling speed, to the point at which the aircraft is 
brought to a complete stop on a hard, dry, smooth runway surface.'1 
The FAR landing field length is obtained by dividing the measured 
landing distance by 0.6 in order to account for the possibility of vari-
ations in approach speed, touchdown point, and other deviations from 
standard procedures .11 ' A sketch depicting the FAR landing field length 
is shown in figure H.I. The landing field length as defined in figure 
H. 1 usually appears in specifications for transport aircraft designed to 
the criteria of FAR part 25 and is the distance employed in table VII. 

Takeoff Field Length 

The FAR takeoff field length, often called the FAR balanced field 
length, contains certain inherent safety features to account for engine 
failure situations. This takeoff field length is defined in several slightly 

H ' "Airworthiness Standards: Transport Category Airplanes," FAR Pt. 25 (FAA, February 1, 
1965). 

H2 "Certification and Operation: Domestic Flag, and Supplemental Air Carriers and Commercial 
Operators of Large Aircraft," FAR Pt. 121, paragraph 121.195 (FAA.June 1974). 
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50 ft Touch down	

Stop point 

Landing distance	 I 

FAR landing field length 

Figure H. 1 - Landing field length. 

Engine failure at V1	 35 ft 

Lift-off 
distance - 

- --	 Runway	 Stopway 
Stop distance 

Takeoff field length 

Figure H. 2 - FAR balanced takeofffield length. 

different ways and is described fully in reference Hi. Briefly, if an 
engine should fail during the takeoff roll at a critical speed, called the 
decision speed Vi, the pilot is offered the option of two safe courses of 
action. He may elect to continue the takeoff on the remaining engines, 
in which case, the takeoff distance is defined as the distance from the 
point at which the takeoff run is initiated to the point where the aircraft 
has reached an altitude of 35 feet. In the second alternative, the. pilot 
may elect to shut down all engines and apply full braking. The decision 
speed V1 is chosen in such a way that the sum of the distance required 
to accelerate to Vi and then decelerate to a stop is the same as the 
total distance for the case in which the takeoff is continued following 
engine failure. If an engine should fail before Vi is reached, the aircraft 
is usually brought to a stop on the runway; whereas, if an engine fails 
at a speed greater than Vi , the takeoff is continued. The distances are 
based on smooth, hard, dry runway surfaces. A somewhat idealized 
sketch of the FAR takeoff field length is shown in figure H.2. 
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