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PREFACE 

There are anumber of books on airplane performance, and anumber of books on airplanedesign. 
Question: Where does the present book fit into the scheme of things? Answer: Overlapping and 
integrating both subjects. On one hand, this book gives a presentation of airplane performance 
at the college level. It covers both static and accelerated performance topics. On the other hand, 
this book also gives a presentation of airplane design, with an emphasis on the philosophy and 

I methodology of design. Some emphasis is also placed on historical material and design case 
studies in order to illustrate this philosophy and methodology. 

This book is not a handbook for airplane design. It is intended to be used in courses in 
airplane performance as a main text, and in courses in airplane design as an introduction to 
the philosophy of design, and hence in conjunction with an existing detailed text on airplane 
design. To paraphrase a popular television commercial, this book is not intended to make a 
course in handbook engineering design-rather it is intended to make a course in handbook 
engineering design better. This author hopes that such intentions are indeed achieved in the 

I 

1 present book. 
The major features of this book are as follows. 

1. This book is unique in that it is the first to provide an integrated introductory treatment 
of both aircraft performance and aircraft design-two subjects that are so closely connected 
that they can be viewed as technological Siamese twins. 

2 This hook is intentionally written in a conversational style, much like the author's 
previous texts, In order to enhance the reader?' understanding and enjoyment. 

3. The book is divided into three parts. Pan 1 contains introductory material that is 
important for an understanding of aircraft performance and design. Chapter 1 deals with the 
history of aircraft design. It 1s important for students and practitioners of a~rcraft design to 
understand this history because the design of a new airplane is usually evolutionary; a new 
airplane is frequently an evolutionary exterision of 011s or more previous deaigns. Even the 
most revolutionary of new airplane designs contain some of the genes of almost all previous 
aircraft. Hence, Chapter 1 is an essential part of this book. Other historical notes appear 
elsewhere in the book. Chapters 2 and 3 are overviews of aerodynamics and propulsion, 

I respectively. These chapters focus on only those aspects of aerodynamics and propulsion that 
are necessary for an understanding and application of both aircraft performance (Part 11) and 
aircraft design (Part 111). However, they serve a secondary function; they provide a 
self-contained overview of theoretical and applied aspects of aerodynamics and propulsion 
that help the reader obtain a broader perspective of these subjects. So Chapters 2 and 3, in 
addition to being essential to the material in Parts I1 and 111, have intnnslc educational value 
in and of themselves, no matter what may be the reader's background. 

4. Part I1 deals with static and accelerated aircraft performance. The basic equations of 
motion are derived in Chapter 4. These equations are then specialized for the study of static 
performance (no acceleration) in Chapter 5, and are used in Chapter 6 in their more general 
form for performance problems involving acceleration. The material is presented in two 
parallel tracks: ( I )  graphical solutions, and (2) closed-form analytical solutions. The value of 
each approach is emphasized. 
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5. Parts I and I1 provide the material for a complete one-semester course on aircraft 
performance at the junior-senior level. 

6. Parts I and II are sprinkled with "design cameos"Axed discussions of how the 
material being discussed at that stage is relevant to aircraft design. These design cameos are a 
unique feature of the present book. They are part of the overall integrated discussion of 
performance and design that is a hallmark of this book. In addition, many worked examples 
are included in Parts I and II as a means to support and enhance the reader's understanding of 
and comfort level with the material. Homework problems are included at the end of most of 
the chapters, as appropriate to the nature of each chapter. 

7. Part I11 is all about aircraft design, but with a different style and purpose than existing 
airplane design texts. Chapter 7 lays out an intellectual, almost philosophical road map for 
the process of aircraft design. Then the methodolbgy is applied to the design of a 
propeller-driven airplane in Chapter 8, and jet-propelled airplanes in Chapter 9. In addition, 
Chapters 8 and 9 are enhanced by important case histories of the design of several historic 
airplanes-another dose of history, but with a powerful purpose, namely to drive home the 
philosophy and methodology of aircraft design. Part 111 is not a design handbook; rather, it 
provides an intellectual perspective on design-a perspective that all airplane designers, past 
and present, exhibit, whether knowingly or subconsciously. Part III is intended for the first 
part of a senior design course. The complete hook-Parts I, Il, and III-is intended to 
provide a unique "pre-design" experience for the reader. I wanted to create a book that would 
work synergistically with existing main-line design texts. As mentioned earlier, this book is 
not intended to constitute a complete course in aircraft design; rather, its purpose is to make 
such a course a better and more rewarding experience for the student. 

8. Although "history" is not in the title of this book, another unique aspect is the extensive 
discussions of the history of airplane design in Chapter 1 and the extensively researched 
historical case studies presented in chapters 8 and 9. In this vein, the present book cames 
over some of the tradition and historical flavor of the author's previous books, in particular 
some of the historical research contained in the author's recent book, The History of 
Aerodynamics, and Its Impact on Flying Machines (see Reference 8). 

9. There are carefully selected homework problems at the end of most of the chapters-not 
an overpowering number, but enough to properly reinforce the material in the chapter. There 
is a Solutions Manual for the use of instructors. Permission is granted to copy and distribute 
these solutions to students at the discretion of the instructor. In addition, the answers to 
selected problems are given at the end of the book. 

10. Computer software for aircraft performance and design calculations is intentionally not 
provided with this book. This may be seen as bucking current trends with engineering 
textbooks. But I want this book to provide a comfortable intellectual experience for the 
reader, unencumbered by the need to learn how to use someone else's software. The reader's 
experience with software for these subjects will most likely come soon enough in the 
classroom. However, much of the material in this book is ideally suited to the creation of 
simple computer programs, and the reader should enjoy the creative experience of writing 
such programs as he or she wishes. 

I wish to acknowledge the author Enzo Angelucci and his wonderful bookdirplanes From 
the Down of Flight to the Present Day, published in English by McGraw-Hill in 1973. The 
airplane drawings that appear in Chapter 1 of the present book are taken from his book. 

I wish to thank the many colleagues who have provided stimulating discussions during 
the time that this book was being prepared, as well as the reviewers of the manuscript. I also 
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thank Sue Cunningham. who has provided some expert word processing for the manuscript. 
And most of all I thank Sarah-Allen Anderson for being such a supportive and understanding 
wife during the long time it has taken me to finish this project. 

So here it is-this integrated treatment of aircraft performance and design. Try it on for 
size. I hope that it fits comfortably and serves you well. If it does, then all my labors will not 
have been in vain. 

John D. Anderson. Jr. 
September 1998 
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PRELIMINARY CONSIDERATIONS . 

Part 1 consists of three chapters which set the stage for our subsequent discussion of 
airplane performance and design. Chapter 1 is a short history of the evolution of the 
airplane and its design; its purpose is to set the proper philosophical perspective for 
the material in this book. Chapters 2 and 3 cover aspects of applied aerodynamics 
and propulsion, respectively, insofar as they directly relate to the performance and 
design considerations to be discussed in the remainder of this book. 



chapter 

The Evolution of the Airplane and Its 
Performance: A Short History 

Instead of a palette of colors, the aeronautical engineer has his own artist's palette 
of options. How he mixes these engineering options on his technological palette 
and applies them to his canvas (design) determines the performance of his airplane. 
When the synthesis is best it yields synergism, a result  hat is dramatically greater 
than the sum of its parts. This is hailed as "innovation." Failing this, there will result a 
mediocre airplane that may be good enough, or perhaps an airplane of lovely external 
appearance, but otherwise an iron peacock that everyone wants to forget. 

Richard Smith, Aeronautical Historian 
From Milestones ofAviation, 
National Air and Space Museum, 1989 

1.1 INTRODUCTION 

The next time you are outside on a clear day, look up. With some likelihood, you will 
see evidence of an airplane-possibly a small, private aircraft hanging low in the sky, 
slowly making its way to some nearby destination (such as the Cessna 172 shown 
in Fig. 1.1), or maybe a distinct white contrail high in the sky produced by a fast jet 
transport on its way from one end of the continent to the other (such as the Boeing 
777 shown in Fig. 1.2). These airplanes-thesejying machines-we take for granted 
today. The airplane is a part of everyday life, whether we simply see one, fly in one, 
or receive someone or something (package, letter, etc.) that was delivered by one. 
The invention and development of the airplane are arguably one of the three most 
important technical developments of the twentieth century-the other two being the 
electronics revolution and the unleashing of the power of the atom. The airplane has 
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evolved over the past 2,500 years, starting with ancient Greek science. It was not 
until a cold day in December 1903 that these laws were finally harnessed by human 
beings to a degree sufficient to allow a heavier-than-air, powered, human-canying 
machine to execute a successful sustained flight through the air. On December 17 
of that year, Orville and Wilbur Wright, with pride and great satisfaction, reaped the 
fruits of their labors and became the first to fly the first successful flying machine. 
In Fig. I .3, the Wright Flyer is shown at the instant of liftoff from the sands of Kill 
Devil Hill, near Kitty Hawk, North Carolina, at 10:35 on that morning, on its way 
to the first successful flight-you are looking at the most famous photograph in the 
annals of the history of aeronautics. At that moment, the Wright brothers knew they 
had accomplished something important-a feat aspired to by many before them, but 
heretofore never achieved. But they had no way of knowing the tremendous extent 
to which their invention of the first successful airplane was to dominate the course of 
the twentieth centurj-technically, socially, and politically. 

The airplane is the subject of this book-its performance and its design. The 
purpose of this book is to pass on to you an appreciation of the laws of flight, and 
the embodiment of these laws in a form that allows the understanding and predic- 
tion of how the airplane will actually perform in the air (airplane performance) and 
how to approach the creation of the airplane in the first place in order to achieve a 
desired performance or mission (the creative process of airplane design). By 1903, 

- 

Figure 1.1 Cessna 172 [Courtesy of Cessna ~ircrah ) 

- .  
the Wright brothers had achieved a mdimentary understanding of the principles of 
airplane performance, and they had certainly drmonctrated a high degree of creativity 
in their inventive process leading to the design of the Wright Flyer. (See the book by 
Jakab, Ref. I, for a definitive analysis of the Wrights's process of invention.) Today, 
our analyses of airplane performance have advanced much further, and the modem 
process of airplane design demands even greater creativity. The processes of air- 
plane performance and airplane design are intimately coupled--one does not happen 
without the other. Therefore, the purpose of this book is to present the elements of 
both performance and design in an integrated treatment, and to do so in such fash- 
ion as to give you both a technical and a philosophical understanding of the process. 

Figure 1.2 Boeing 777. (Courtesy of Boeing.) 

transformed life in the twentieth centuly, and this transformation continues as you 
read these words. 

However, the airplane did not just "happen." When you see an aircraft in the 
sky, you are observing the resulting action of the natural laws of nature that govern 
flight. The human undersranding of these laws of flight did not come easily-it has 

Figure 1.3 The Wright Flyer, at the moment of liftoff on its first Right, December 17, 1903 
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Hopefully, this book will give you a better idea of how the aeronautical engineer mixes 
"engineering options on his technological palette and applies them to his canvas," as 
nicely stated by Richard Smith in the quotation at the beginning of this chapter. 

1.2 FOUR HISTORICAL PERIODS OF AIRPLANE DESIGN 
CHARACTERISTICS 

Before we proceed to the technical aspects of airplane performance and design, it 
is useful to briefly survey the historical evolution of these aspects, in order to have 
a better appreciation of modem technology. In this section, the technical evolutio~~ 
of the airplane is divided into four eras: (1) pre-Wright attempts, (2) strut-and-wire 
biplanes, (3) mature propeller-driven airplanes, and (4) jet-propelled airplanes. We 
have room for only short discussions of these eras; for a more detailed presentation, 
see Ref. 2 x 

If you l ~ k e  aeronautical h~story, t h ~ s  chapter 1s for you. However, d you do not 
part~cularly want to read about h~story or do not see the value In do~ng so, t h ~ s  chapter 
1s especmlly for you Whether you l ~ k e  it or not, good arplane des~gn requlres a 

i 
0 

knowledge of prevlous des~gns, that IS, a knowledge of h~story Even the Wrrght C 
Flyer In 1903 was as much evolutionary as ~t was revolut~onary, because the Wnght f 
brothers drew from a prior century of aeronautical work by others. Throughout the 
twentieth century, most new airplane designs were evolutionary, depending greatly 
on previous airplanes. Indeed, even the most recent airplane designs, such as the 
Boeing 777 commercial transport and the F-22 supersonic military fighter, contain 
the "genes" of 200 years of flying machine design. If you are interested in learning 
about airplane design, you need to know about these genes. So no matter what your 
innate interest in reading history may be, this chapter is an essential p& of your 
education in airplane design. Please read it and benefit from it, in this spirit. 

1.2.1 Pre-Wright Era 

Before the Wright brothers's first flight, there were no successful airplane designs, 
hence no successful demonstrations of airplane performance. However, there were 
plenty of attempts. Perhaps the best way of gaining an appreciation of these attempts is 
to go through the following fanciful thought experiment. Imagine that you were born 
on a desolate island somewhere in the middle of the ocean, somehow completely 
devoid of any contact with the modem world-no television, radio, newspapers, 
magazines, etc. And imagine that for some reason you were possessed with the idea 
of flying through the air. What would you do? Would you immediately conceive 
of the idea of the modem airplane with a fixed wing, fuselage, and tail, propelled 
by some separate prime mover such as a reciprocating or jet engine? Certainly not! 
Most likely you would look at the skies, watch the buds, and then try to emulate the 
buds. TO this end, you would fashion some kind of wings out of wood or feathers, 
strap these wings to your arms, climb to the roof of your hut, and jump off, flapping 
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wildly. However, after only a few of these attempts (maybe only after one such trial), 
you would most certainly conclude that there had to be a better way. Indeed, history 
is full of such accounts of people attempting to fly by means of wings strapped to their 
arms andor legs-the aeronautical historians call such people towerjumpers. They 
were all singularly unsuccessful. So perhaps you on your desolate island might take 
the next evolutionary step; namely, you might design some mechanical mechanism 
that you could push or pull with your hands and arms, or pump with your legs, and 
this mechanical mechanism would have wings that would flap up and down. Such 
mechanisms are called ornithopters. Indeed, no less a great mind than Leonardo da 
Vinci designed numerous such omithopters in the period from 1486 to 1490; one 
of da Vinci's own drawings from his voluminous notebooks is reproduced in Fig. 
1.4. However, one look at this machine shows you that it has no aerodynamically 
redeeming value! To this day, no human-powered omithopter has ever successfully 
flown. SO, after a few trials with your own mechanical device on your desolate island, 
you would most likely give up your quest for flight altogether. Indeed, this is what 
happened to most would-be aviators before the beginning of the nineteenth century. 

So we pose the question: Where and from whom did the idea of the modem 
configuration airplane come? The modern configuration, that which we take for 
granted today, is a flying machine with fixed wings, a fuselage, and a tail, with a 
separate mechanism for propulsion. This concept was first pioneered by Sir George 
Cayley (Fig. 1.5) in England in 1799. In that year, Cayley inscribed on a silver disk 
two sketches that were seminal to the development of the airplane. Shown at the 
left in Fig. 1.6 is the sketch on one side of the silver disk; it illustrates for the first 
time in history a flying machine with a fixed wing, a fuselage, and a tail. Cayley is 
responsible for conceiving and advancing the basic idea that the mechanisms for lift 

Figure 1.4 Original sketch of an omithopter by do Vinci, circa 1492. 
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Figure 1.5 Sir George Cuyley (1 773-1 857) 

Figure 1.6 Silver d~sk inscribed by George Coyley showing the concept of the modern 
configuration airplane, 1799. 

and thrust should be separated, with fixed wings moving at an angle of attack through 
the air to generate lift and a separate propulsive device to generate thrust. He rec- 
ognized that the function of thrust was to overcome aerodynamic drag. In his own 
words, he stated that the basic aspect of a flying machine is "to make a surface support 
a given weight by the application of power to the resistance of air." On the flip side of 
the disk, shown at the right of Fig. 1.6, Cayley drew the first lift-drag vector diagram 
in the history of aeronautical engineering. Here we see the edge view of a flat-plate 
wing at an angle of attack to the relative wind (the relative wind is shown as a horizon- 
tal arrow, pointing toward the left). The resultant aerodynamic force is shown as the 
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line inclined upward and backward, perpendicular to the plate. This resultant force 
is then resolved into components perpendicular and parallel to the relative wind, that 
is, the lift and drag, respectively. This silver disk, no larger than a U.S. quarter, is 
now in the collection of the British Science Museum in London. In this fashion, the 
concept of the modern configuration airplane was born. (More extensive discussions 
by the author of George Cayley's contributions to aeronautics can be found in Refs. 3 
and 4; definitive studies of his life and contributions are contained in Refs. 5 and 6.)  

To key on Cayley's seminal ideas, the nineteenth century was full of abortive 
attempts to actually build and fly fixed-wing, powered, human-carrying flying ma- 
chines. Cayley himself built several full-size aircraft over the span of his long life 
(he died in 1857 at the age of 83). but was unsuccessful in achieving sustained flight. 
Some of the most important would-be inventors of the airplane-such as William 
Samuel Henson and John Stringfellow in England, Felix Du Temple in France, and 
Alexander Mozhaiski in Russia-are discussed in chapter 1 of Ref. 3; hence no fur- 
therelaboration will he given here. They were all unsuccessful in achieving sustained 
flight. In regard to the nature of airplane performance and design, we note that these 
enthusiastic but unsuccessful inventors were obsessed with horsepower (or thrust). 
They were mainly concerned with equipping their aircraft with engines powerful 
enough to accelerate the machine to a velocity high enough that the aerodynamic lift 
of the wings would become large enough to raise the machine off the ground and into 
the air. Unfortunately, they all suffered from the same circular argument-the more 
powerful the engine. the heavier it weighs: the heavier the machine is ,  the faster i t  
must move to produce enough lift to get off the ground; the faster the machine must 
move, the more powerful (and hence heavier) the engine must be-which is where we 
entered this circular argument. A way out of this quandary is to develop engines with 
more power without an increase in engine weight, or moreprecisely, to design engines 
with larger horsepower-to-weight ratios. Later, we will find this ratio, or more impor- 
tantly the thrust-to-weight ratio 7'/ W for the entlre aircraft, to be a critical parameter 
in airplane performance and design. In the nineteenth century, inventors of flying 
machines functioned mainly on the basis of intuition, with little quantitative analysis 
to guide them. They knew that, to accelerate the aircraft, thrust had to be greater than 
the drag; that is, T - D had to be a positive number. And the larger the thrust and the 
smaller the drag, the better things were. In essence, most of the nineteenth-century 
flying machine inventors were obsessed with brute force-given enough thrust (or 
horsepower) from the engine, the airplane could be wrestled into the air. The aviation 
historians call such people "chauffeurs." They were so busy uying to get the flying 
machine off the ground that they paid little attention to how the machine would be 
controlled once it got into the air-their idea was that somehow the machine could 
be "chauffeured" in the air much as a caniage driven on the ground. This philosophy 
led to failure in all such cases. 

Perhaps the epitome of the chauffeurs was Sir Hiram Maxim, a U.S. expatriate 
from Texas living in England. To the general world, Maxim is known as the inventor 
of the first fully automatic machine gun. Developed by Maxim in England around 
1884, the guns were manufactured by Vickers in England and were used by every 
major army around the globe. The wealth thus derived allowed Maxim to explore the 
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design of a flying machine. From results obtained from his own wind tunnel tests, 
Maxim designed the huge airplane shown in Fig. 1.7. Built in 1893, the machine was 
powered by two 180-horsepower (180-hp), lightweight (for their day) steam engines 
of Maxim's design, driving two propellers. The total weight of the flying machine, 
including its three-person crew, was about 8,000 pounds (Ib). On July 31, 1894, on 
the grounds of the rented Baldwyns Park in Kent, the Maxim airplane actually took 
off, although in a very limited sense. The airplane had a four-wheel undercarriage of 
steel wheels which ran along a straight, specially laid, railway track of 1,800 feet (ft) 
in length. Above the track was a wooden guardrail which engaged the undercarriage 
after about a 2-ft rise of the machine; Maxim was careful to not damage the aircraft, 
and hence he limited its height after takeoff to about 2 ft. On that day in July, 
the Maxim flvine machine rolled down the track for 600 ft and lifted off. Almost .--- . - 
immediately ~t engaged the guardrail, and Maxim quickly shut the steam off to the two 
engines. The Maxim flying machine came to a stop--but not without demonstrating ..~ -- . - 
that the engines were powerful enough to accelerate the machine to a high enough 
velocity that sufficient lift could be generated to raise the aircraft off the ground. With 
this demonstration, Maxim quit his aeronautical investigations until 191&well after 
the stunning, successful demonstrations of almost "effortless" flight by the Wright 
brothers. As with all chauffeurs, Maxim's work was of little value to the state of the 
art of alrplane design, and his aeronautical activities were soon forgotten by most 
people. This is in spite of the fact that Maxim supported this work out of his own 
pocket, spending over L30.000. In the words of the famous British aviation historian 

Figure 1.7 Hiram Maxim and his flying machine, 1894. 
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Charles H. Gibbs-Smith (Ref. 7), commenting on Maxim's efforts: "It had all been 
time and money wasted. Maxim's contribution to aviation was virtually nil, and he 
influenced nobody." This indeed was the fate of all would-be inventors of the airplane 
during the nineteenth century who followed the chauffeur's philosophy. We mention 
Maxim here only because he is a classic example of this philosophy. 

The antithesis of the chauffeur's philosophy was the "airman's" approach. This 
latter philosophy simply held that, in order to design a successful flying machine, it 
was necessary to first get up in the air and experience flight with a vehicle unencum- 
bered by a power plant; that is, you should learn to fly before putting an engine on the 
aircraft. The person who introduced and pioneered the airman's philosophy was Otto 
Lilienthal, a German mechanical engineer, who designed and flew the first success- 
ful gl~ders in history. Lilienthal first carried out a long series of carefully organized 
aerodynamic experiments, covering a period of about 20 years, from which he clearly 
demonstrated the aerodynamic superiority of cambered (curved) airfoils in compari- 
son to flat, straight surfaces. His experiments were extensive and meticulously carried 
out. They were published in 1890 in a book entitled Der Vogeljlug als Grundlage 
der Fliegekunsr (Bird Flight as the Basis ofAviarion); this book was far and away the 
most important and definitive contribution to the budding science of aerodynamics to 
appear in the nineteenth century. It greatly influenced aeronautical design for the next 
15 years, and was the bible for the early work of the Wright brothers. Among other 
contributions, Lilienthal presented drag polars in his book-the first dra? polars to 
be published in the history of aeronautical engineering. (We will define and discuss 
drag polars in Chapter 2-they reflect all the aerodynamic information necessary 
for the performance analysis of an airplane.) Lilienthal's aerodynamic research led 
to a quantum jump in aerodynamics at the end of the nineteenth century. (See the 
extensive analysis of Lilienthal's aerodynamics contained in Ref. 8.) 

During the period from 1891 through 1896, Lilienthal designed, built, and flew 
a number of gl~ders. With these successful glider flights, over 2,000 during the 5- 
year period, he personified the airman's philosophy. A photograph of Lllienthal on 
one of his gliders is shown in Fig. 1.8; he supported himself by grasping a bar with 
his arms, and the part of his body below his chest and shoulders simply dangled 
below the wings. He controlled his gliders by swinging his body-he was indeed the 
inventor of the hang glider. With these glider flights, Lilienthal advanced the cause 
of aeronautics by leaps and bounds. Many of his flights were public demonstrat~ons; 
his fame spread far and wide. In the United States, stories and photographs of his 
flights were carried in popular magazines-the Wright brothers read about Lilienthal 
in McClure's magazine, a popular periodical of that day. Lilienthal was a professional 
mechanical engineer with a university degree, hence he had some credibility-and 
there he was, gliding through the air on machines of his own design. With this, 
the general public moved a little closer to acceptance that the quest for powered, 
heavier-than-air flight was respectable and serious. 

On Sunday, August 9, 1896, Otto Lilienthal was once again flying from Gollen- 
berg Hill in the Rhinow mountains, about 100 kilometers (km) northwest of Berlin. 
His first flight went well. However, during his second glide he encountered an unex- 
pected sharp gust of air; his glider pitched up and stalled. Lilienthal violently swung 
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was ready in 1903. The first attempted Right-n October 7, 1903-with Manly at 
the controls resulted in the aerodrome's falling into the river moments after its launch 
by a catapult mounted on top of a new houseboat on the Potomac River. Undaunted, 
Langley rationalized that the aerodrome was fouled in the catapult mechanism at 
the instant of launch. The aerodrome, somewhat damaged, was fished out of the 
river (Manly was fortunately unhurt) and returned to the Smithsonian for repairs. On 
December 8, 1903, they were ready to try again; the scenario was the same-the 
same pilot, the same aerodrome, the same houseboat. A photograph of the Langley 
aerodrome, taken just a moment after launch, is shown in Fig. 1 .lo. Here we see the 
Langley aerodrome going through a 90" angle of attack; the rear wings of the tandem 
wing design have collapsed totally. Again, Manly was retrieved from the river unhurt, 
but this was the rather unglorious end of Langley's aeronautical work. 

Langley's aerodrome and the fate that befell it, as shown in Fig. 1.10, are an 
excellent study in the basic aspects of airplane design. The aircraft had a superb 
power plant. Its aerodynamic design, hased mainly on 14 years of experimentation 
by Langley. was marginally good-at least it was sufficient for Langley's purposes. 

Figure 1.10 The Longley aerodrome an instant after 
launch, December 8, 1903. 

C H A P T E R 1 Thc Gvululio~l o l  lllc Allpiallc and 115 Perlo~~na~lce. A Short History 

However, a recent in-house study by Dr. Howard Wolko, a mechanical and aerospace 
engineer now retired from the National Air and Space Museum, showed that the 
Langley aerodrome was structurallv unsound-a result certainly in keeping with the 
aerodrome's failure, shown in Fig. 1 . I  0. This illustrates a basic tenet of any system 
design, such as an airplane or a stereo system, namely, that the system is no better 
than its weakest link. In Langley's case, in spite of excellent propulsion and adequate 
aerodynamics, it was the poor structural design that resulted in failure of the whole 
system. 

In spite of this failure, Langley deserves a lot of credit for his aeronautical work 
in the pre-Wright era. You experience some of the legacy left by Langley's name 
everytime you walk into the Langley Theater at the National Air and Space Museum 
in Washington, or visit the NASA Langley Research Center, built right beside Langley 
Air Force Base in Hampton, Virginia. 

The story of Langley's aeronautical work is covered in much greater detail in 
Refs. 8 through 10, among others. In particular. Ref. 8 contains a detailed discussion 
of Langley's aerodynamics, and Ref. 10 has an extremely interesting and compelling 
presentation of the human dynamics associated with Langley's overall quest to build 
a Rying machine. 

1.2.2 Era of Strut-and-Wire Biplanes 

'The 1903 Wrighr Flyer ushered in the era of successful strut-and-wire biplanes-an 
era that covers the general period from 1903 to 1930. Unlike Langley's full-scale 
aerodrome, there were no fatal "weak links" in the design of the Wrighi Flyer. There 
is no doubt in this author's mind that Orville and Wilbur Wright were the first true 
aeronautical engineers in history. With thc 1903 Wright Flyer, they had gotten it all 
right-the propulsion, aerodynamic, structu~al, and control aspects were carefully 
calculated and accounted for during its design. The Wright brothers were the first to 
fully understand the airplane as a whole and complete system, in which the individual 
components had to work in a complementary fashion so that the integrated system 
would perform as desired. A three-view drawing of the 1903 Wright Flyer is shown 
in Fig. 1.11. 

Volumes have been written about the Wright brothers and their flying machines- 
their story is one of the greatest success stories in the history of technology. In our 
brief review of the evolution of the airplane in this chapter, it is perhaps better to 
defer to these volumes of literature than to attempt to relate the Wright brothers's 
story-we simply do not have space to do it justice. You are referred particularly to 
the authors's discussions of the Wright brothers in chapter 1 of Ref. 3, and in Ref. 
9. The study by Jakab (Ref. 1) is an excellent portrait of the inventive processes 
of the Wright brothers as they created the first successful airplane. Similarly, Tom 
Crouch in his book The Bishop's Boys (Ref. 11) has painted an excellent humanistic 
portrait of the Wright brothers and their family as people caught up in this whirlwind 
of inventiveness-Crouch's book is the most definitive biography of the Wrights to 
date. For an extensive discussion of the Wright brothers's aerodynamics, see Ref. 8. 
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Figure 1.1 1 Three-view of the Wright Flyer, 1903 

Instead, let us dwell for a moment on the Wright Flyer ~tself as an airplane 
design. In Figs. 1.3 and 1.1 1, you see all the elements of a successful flying machine. 
Propulsion was achieved by a four-cylinder in-line engine designed and built by 
Orville Wright with the help of their newly hired mechanic in the bicycle shop, 
Charlie Taylor. It produced close to 12 hp and weighed 140 Ib-barely on the margin 
of what the Wrights had calculated as the minimum necessary to get the flyer into 
the air. This engine drove two propellers via a bicyclelike chain loop. The propellers 
themselves were a masterpiece of aerodynamic design. Wilbur Wright was the first 
person in history to recognize the fundamental principle that a propeller is nothing 
more than a twisted wing oriented in a direction such that the aerodynamic force 
produced by the propeller was predominately in the thrust direction. Wilbur conceived 
the first viable propeller theory in the history of aeronautical engineering; vestiges 
of Wilbur's analyses cany though today in the standard "blade element" propeller 
theory. Moreover, the Wrights had built a wind tunnel, and during the fall and winter 
of 1901 to 1902, they canied out tests on hundreds of different airfoil and wing 
shapes. Wilbur incorporated these experimental data in his propeller analyses; the 
result was a propeller with an efficiency that was close to 70% (propeller efficiency is 
the power output from the propeller compared to the power input to the propeller from 

the engine shaft). This represented a dramatic improvement of propeller performance 
over contemporary practice. For example, Langley reported a propeller efficiency of 
only 52% for his aerodromes. Today, a modern, variable-pitch propeller can achieve 
efticiencies as high as 85% to 90%. However, in 1903, the Wrights's propeller 
efficiency of 70% was simply phenomenal. It was one of the lesser-known but most 
compelling reasons for the success of the Wright Flyer. With their marginal engine 
linked to their highly efficient propellers, the Wrights had the propulsion aspect of 
airplane design well in hand. 

The aerodynamic features of the Wright Flyer were predominately a result of 
their wind tunnel tests of numerous wing and airfoil shapes. The Wrights were well 
aware that the major measure of aerodynamic efficiency is the lift-to-drag ratio L I D .  
They knew that the lift of an aircraft must equal its weight in order to sustaln the 
machine in the air, and that almost any configuration could produce enough lift if the 
angle of attack were sufficiently large. But the secret of "good aerodynamics" is to 
produce this lift with as small a drag as possible, that is, to design an aircraft with as 
large an L I D  value as possible. To accomplish this, the Wrights did three things: 

1. They chose an airfoil shape that, based on the collective data from their wind 
tunnel tests, would give a high LID.  The airfoil used on the Wright Flyer was a thin, 
cambered shape, with a camber ratio (ratio of maximum camber to chord length) 
of 1/20, with the maximum camber near the quarter-chord location. (In contrast, 
1.ilienthal favored airfoils that were circular arcs, i.e., with maximum camber at 
midchord.) It is interesting that the precisc airfoil shape used for thc I.25iglli Fljri 
was never tested by the Wright brothers in their wind tunnel. By 1903, they had so 
much confidence in their understanding of airfoil and wing properties that, in spite 
of their characteristic conservative philosophy. they felt it unnecessary to test that 
specific shape. 

2. They chose an aspect ratio of 6 for the wings. They had experimented with 
gliders at Kitty Hawk in the summers of 1900 and 1901, and they were quite disap- 
pointed in their aerodynamic performance. The wing aspect ratio of these early gliders 
was 3. However, their wind tunnel tests clearly indicated that higher-aspect-ratio 
wings produced higher values of L I D .  (This was not a new discovery; the advan- 
tage of high-aspect-ratio wings had been first theorized by Francis Wenham in 1866. 
Langley's whirling arm data, published in 1890, proved conclusively that better per- 
formance was obtained with higher-aspect-ratio wings. It is a bit of a mystery why 
the Wrights, who were very well read and had access to these results, did not pick 
up on this important aerodynamic feature right from the start.) In any event, based 
on their own wind tunnel results, the Wrights immediately adopted an aspect ratio 
of 6 for their 1902 glider, and the following year for the 1903 flyer. At the time, the 
Wrights had no way of knowing about the existence of induced drag; this aerodynamic 
phenomenon was not understood until the work of Ludwig Prandtl in Germany 15 
years later. The Wrights did not know that, by increasing the aspect ratio from 3 to 6, 
they reduced the induced drag by a factor of 2. They only knew from their empirical 
results that the LID ratio of the 6-aspect-ratio wing was much improved over their 
previous wing designs. 
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3. The Wrights were very conscious of the importance of parasite drag, which in 
their day was called head resistance. They used empirical formulas obtained from 
Octave Chanute to estimate the head resistance for their machines. (Octave Chanute 
was a well-known civil and railroad engineer who had become very interested in 
aeronautics. He published in 1893 an important survey of past aeronautical work 
from around the world in a book entitled Progress in Flying Machines. It has become 
a classic-you can still buy reprinted copies today. From 1900, Octave Chanute was 
a close friend and confidant of the Wright brothers, giving them much encouragement 
during their intensive inventive work in 1900 to 1903.) The Wrights's choice of lying 
prone while flying their machines, rather than sitting up, or even dangling underneath 
as Lilienthal had done, was simply a matter of decreasing head resistance. In early 
1903. they even tested a serlea of wooden struts In an airstrean1 in orde~ to find the 
cross-sectional shape that gave minimum drag. Unfortunately, they did not appreciate 
the inordinately high drag also produced by the supporting wires between the two 
wings. Of course, today we recognize that the struts and wires necessary to structurally 
strengthen biplane wing contigurations are a major source of drag. In any event, the 
Wrights were very conscious of head resistance, and they attempted to keep it as low 
as they possibly could, given the state of their knowledge at that time. 

The Wrights never quoted a value of L l D  for their 1903 Wright Flyer. Modem 
wind tunnel tests of models of the Wright Flyer carried out in 1982 and 1983 as 
reported In the paper by Cul~ck and Jex (Kel. 12) ~rrd~cate a maximunl LID of 6. 
Thib value ia totally co~~sislent with values of (LID),,, measured by Gustave Eiffel 
in 1910 in his large wind tunnel in Paris for models of a variety of aircraft of that time 
(see Ref. 8). Also, Loftin (Ref. 13) estinlated a value for (LID),,, of 6.4 for the 
Fokkel- E-111, an early World War I aircralt. Ifcrlcc,, irl 190.3 the Wrights tiadachieved 
a t.nlrtr of ( L l D ) , , , , ,  14,ith /hri,-,flvrr. that n,o.r or high c1.r thatfor oirrrf t  designed 10 
y e u ~ ~  lute,-. Clearly, thc Wlights had the acrudynarnic aspcct of airplanc design well 
in hand. 

The control Scatures of the Wrighl Flyer are also one of the basic reasons for 
its success. The Wright brothers were the first to recognize the importance of flight 
control around all three axes of the aircraft. Pitch control, obtained by a deflection of 
all or part of the horizontal tail (or the forward canard such as on the Wright Flyer), and 
yaw control, obtained by deflection of the vertical rudder, were features recognized by 
investigators before the Wrights; for example, Langley's aerodrome had pitch and yaw 
controls. However, no one except the Wrights appreciated the value of roll control. 
Their novel idea of differentially warping the wing tips to control the rolling motion 
of the airplane, and to jointly control roll and yaw for coordinated turns, was one of 
their most important contributions to aeronautical engineering. Indeed, when Wilbur 
Wright finally carried out the first public demonstrations of their flying machines in 
LeMans, France, in August 1908, the two technical features of the Wright machines 
most appreciated and immediately copied by European aviators were their roll control 
and their efficient propeller design. Clearly. the Wrights had the flight control aspect 
of airplane design well in hand. 

Finally, the structural features of the Wright Flyrr were patterned partly after the 
work of Octave Chanute and partly after their own experience in designing bicycles. 
Chanute, inspired by the gliding flights of Lilienthal, canied out tests of gliders of his 
own design beginning in 1896. The most important technical feature of Chanute's 
gliders was the sturdy and lightweight Pratt-truss method of rigging a biplane struc- 
ture. (Chanute was a civil engineer, noted in part for designing and building bridges; 
it  is natural that he would have exercised his expertise in the structural design of flying 
machines.) The Wright brothers adopted the Pratt-truss system for the Wright Flyer 
directly from Chanute's work. Other construction details of the Wright Flyer tookad- 
vantage of the Wrights's experience in designing and building sturdy but lightweight 
bicycles. When it was finished, engine included, the empty weight of the Wright Flyer 
was 605 Ib. With a 150-lbperson on board, the empty weight-gross weight ratio was 
0.8. By comparison, the empty weight of the Fokker E-111 designed 10 years later was 
878 Ib, and the empty weight-gross weight ratio was 0.65, not greatly different from 
that of the Wright Flyer. Considering that 10 years of progress in aircraft structural 
des~gn had been made between the 1903 flyer and the Fokker E-111, the structural 
design of the 1903 Wright Flyer certainly seems technically advanced for its time. 
And the fact that the flyer was structurally sound was certainly well demonstrated on 
December 17, 1903. Clearly, the Wrights had the structural aspect of airplane design 
well in hand. 

In summary, the Wright brothers had gotten i t  right. All the components of 
the~r system worked properly and harmonicallv-propulsion. aerodynamics. control, 
and structures. There were no fatal weak links. The reason for this was the natural 
inventiveness and engineering abilities of Orville and Wilbur Wright. The design of 
the Wright Flyer is a classic first study in good aeronautical engineering. There can 
be no doubt that the Wright brothers were the first true aeronautical engineers. 

The Wright Flyer ushered in the era of strut-and-wire biplanes, and it basically 
set the pattern for subsequent airplane design during thls era. The famous World War 
I fighter airplanes-such as the French Nieuport 17 and the SPAD XIII, the German 
Fokker D. V11, and the British Sopwith Camel-were in many respects "souped-up" 
Wright flyers. The principal technical improvements contained in these later biplanes 
are described below. 

First, the wing-warping method of roll control used by the Wrights was quickly 
supplanted by ailerons in most other aircraft. (The idea of flaplike surfaces at the 
trailing edges of airplane wings can be traced to two Englishmen: M. P. W. Boulton, 
who patented aconcept for lateral control by ailerons in 1868; and Richard Harte, who 
also filed for a similar patent in 1870. In both cases, neither man truly understood the 
function of these devices, and since there existed no successful flying machines at that 
time which could demonstrate the use of ailerons, the idea and the patents werequickly 
forgotten.) Ailerons in the form of triangular "winglets" that projected beyond the 
usual wingtips were used in 1908 by Glenn Curtiss on his June Bug airplane; flying 
the June Bug, Curtiss won the Scientific American Prize on July 4,1908, for the first 
public flight of 1000 meters (m) or longer. By 1909, Curtiss had designed an improved 
airplane, the Gold Bug, with rectangular ailerons located midway between the upper 



and lower wings, as seen in Fig. 1.12. Finally, in 1909 the Frenchman Henri Farman 
designed a biplane named the Henri Fannan III, which included a flaplike aileron at 
the trailing edge of all four wingtips; this was the true ancestor of the conventional 
modem-day aileron. Farman's design was soon adopted by most designers, and wing 
warping quickly became passt. Only the Wright brothers clung to their old concept; 
a Wright airplane did not incorporate ailerons until 1915, six years after Farman's 
development. 

Second, the open framework of the fuselage, such as seen in the Wright Flyer 
and the Curtiss Gold Bug, was in later designs enclosed by fabric. The first such 
airplane to have this feature was a Nieuport monoplane built in 1910, shown in Fig. 
1.13. This was an attempt at "streamlining" the airplane, although at that time the 
concept of streamlining was only an intuitive process rather than the result of real 
technical knowledge and understanding about drag reduction. 

Third, the demands for improved airplane performance during World War 1 gave 
a rebirth to the idea of "brute force" in airplane design. In relation to the thrust minus 

- 

Figure 1.12 Glenn Curtiss flying his Gold Bug. Note the midwing ailerons 

Figure 1.13 Nieuport monoplane, 191 0. 
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drag expression T - D, designers of World War I fighter airplanes, in their quest 
for faster speeds and higher rates of climb, increased the thrust rather than decreased 
the drag. The focus was on more powerful engines. The SPAD XI11 (Fig. 1.14), 
one of the best and most famous aircraft from World War I, had a Hispano-Suiza 
engine that produced 220 hp--the most powerful engine used on a fighter aircraft 
at that time. Because of this raw power, the SPAD XI11 had a maximum velocity 
of 134 miles per hour (milh), which made it one of the fastest airplanes during the 
war. Examining Fig. 1.14, we see the typical strut-and-wire biplane; the stmts and 
wires produced large amounts of drag, although this was not fully understood by 
most airplane designers at that time. In fact, in the March 1924 issue of the Journal of 
the Royal Aeronautical Sociery, the noted British aeronautical engineer Sir Leonard 
Bairstow was prompted to say, "Our war experience showed that, whilst we went 
forward as regard to horsepower, we went backwards with regard to aerodynamic 
efficiency." The demands of wartime did not allow the airplane designer the luxury 
of obtaining "aerodynamic efficiency." Aircraft design during World War I was an 
intuitive "seat-of-the-pants" process. Some designs were almost literally marked off 
in chalk on the concrete floor of a factory, and the completed machines rolled out the 
front door two weeks later. Clearly, there was plenty of room for improvement. 

Strut-and-wire biplanes were the mainstay of aeronautics for the decade following 
World War I. To be sure, there were gradual design improvements, mainly involving 
some streamlining to reduce drag and gradual increases in engine power to increase 
thrust. However, airplane designers, then as now, tended to bc conservative, and 
hence advancement in the design of new aircraft was a gradual, evolutionary process; 
each new aircraft design tended to be closely related to the previous design. For this 
reason, airplane designers clung to the strut-and-wire biplane, some into the early 
1930s-we11 beyond the effective lifetime of this configuration. The conservative 
philosophy of airplane designers in the 1920s and 1930s is summarized by Miller 
and Sawers (Ref. 14) as follows: "Designers had acquired the attitude of the practical 
man, who knew how airplanes should he designed. because that was how they had 
designed them for the previous 20 years." 

Figure 1.14 SPAD XIII, 1917. 
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However, some designers had vision; during the 1920s some knew what had 
to be done to greatly improve airplane performance. For example, the concept of 
streamlining to reduce drag was a major topic of discussion. The famous French 
airplane designer Louis Brequet, in a talk given to the Royal Aeronautical Society on 
April 6, 1922, showed his appreciation of the value of streamlining the airplane when 
h; said 

The conclusion is that one must bring to the minimum the value of D J L .  It can be 
obtained by choosing the best possible profile for the wings, the best designs for the 
body, empennage, etc. Moreover, the undercarriage should be made to disappear 
inside the body on the wings when the aeroplane is in flight. 

Here we have Brequet calling for retractable landing gear, something not seen on any 
contemporary aircraft of that day. 

There were exceptions to the tried-and-proven way of evolutionary airplane de- 
sign during the 1920s. Air races, with prizes for speed, were popular. The intema- 
tional Schneider Cup races were perhaps the most important and seminal of them all. 
On December 5, 1912, the French industrialist Jacques Schneider announced a com- 
petition to promote the development of seaplanes. He offered an impressive trophy 
to the first nation that could win the race three times out of a series of five successive 
yearly events. Starting in Monaco in 19 13, the Schneider Cup races continued on an 
almost annual hasis (interrupted by World War I). Winning the Schneider Cup race 
becanlc a matttcr of national prestige for some countries; as a result, every efforf was 
made to increase speed. Specialized high-power engines were designed and built, 
and extreme (for that time) measures were taken to reduce drag. For example, the 
1925 winner of the Schneider race was Lieutenant Jimmy Doolittle, flying an Army 
Curtiss R3C-2 biplane, as shown in Fig. 1.15. The high degree of streamlining In this 
aircraft is clearly evident; powered by a 619-hp Curtiss V-1400 engine, the R3C-2 
achieved a speed of 232.57 m i h  over the course of the race. The Schneider Trophy 
was finally permanently acquired in 1931 by Britain, winning the last three races 

Figure 1.15 Curtiss R3C-2, flown by Jimmy Doolittle, winner of the 1925 Schneider Cup race. 
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Figure 1.16 Supermarine S.60, the airplane that won the Schneider Cup for Great 
Britoin, 193 1 .  

with Supermarine Monoplane aircraft which were precursers to the famous British 
Spitfire of World War 11. The final Schneider Cup winner was the Supermarine S.6B 
(Fig. 1.16) with a speed of 340.08 mih ;  both the S.6B and the Schneider Trophy are 
now displayed in the. Brit~sh Science Museum In South Kensington, London. The 
w~nning speed of 340 mi/h was phenomenal for that time; it is even more phenomenal 
considering that the aircraft was equipped with large pontoons. Jacques Schneider 
had initiated the competition to promote the development of seaplanes; all entries had 
to take off from and land on water. 

Specially designed racing airplanes, such as those for the Schneider Cup races, 
were indeed exceptions to the tried-and-pro\en way of evolutionary airplane design. 
They are perfect examples of single-purpose, point-design aircraft. However, they 
provided the incentive for innovative th~nking and new aeronautical research and 
development. Ultimately they substantially contributed to the demise of the era of 
strut-and-wire biplanes and to the beginning of the era of the mature, propeller-driven 
airplane. 

1.2.3 Era of the Mature, Propeller-Driven Airplane 

The period from 1930 to 1950 can be classified as the era of the mature, propeller- 
driven airplane. During this time, airplane design matured, new technical features 
were incorporated, and the speed, altitude, efficiency, and safety of aircaft increased 
markedly. In particular, the 1930s are considered by many aviation historians as the 
"golden age of aviation" (indeed, there is currently a gallery at the National Air and 
Space Museum with this title). Similarly, the 1930s might be considered as a golden 
age for aeronautical engineering-a period when many improved design features, 
some gestating since the early 1920s, finally became accepted and incorporated on 
"standard" aircraft of the age. 
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The maturity of the propeller-driven airplane is due to nine major technical ad- 
vancements, all of which came to fruition during the 1930s. These technical advance- 
ments are discussed below. 

Firsf the cantilevered-wing monoplane gradually replaced the strut-and-wire 
biplane. The main reason for the dominance of the biplane in early airplane design 
was structural strength. The struts and wires had a purpose; two wings of relatively 
short span, trussed together as a stiff box, were structurally sounder than if the same 
total wing area were spread out over a single wing with larger span. Moreover, 
the moment of inertia about the roll axis was smaller for the shorter-span biplanes, 
leading to more rapid rolling maneuverability. For these reasons, pilots and airplane 
designers were reluctant to give up the biplane; for example, it was not until 1934 
that the British Air Ministry ordered monoplane fighters for the first time. This 
is not to say that monoplanes did not exist before the 1930s; quite the contrary, a 
number of early monoplane designs were carried out before World War I. When 
Louis Bleriot lwcarnc tlle first person to fly across the English Channel on July 25, 
1909, it was in a monoplane of his own design (although there are some reasons 
to believe that the airplane was designed in part by Raymond Saulnier). Because 
of the publicity following Bleriot's channel crossing, the monoplane experienced a 
surge of popularity. Bleriot himself sold hundreds of his Bleriot XI monoplanes, 
and it dominated the aviation scene until 1913. Its popularity was somewhat muted, 
huwcvc~, by an inordinate number of crashes precipitated by stnlctural failure of the 
wings, and ultimately helped to reinforce distl-ust in thc monoplane configuration. 

However, the monoplane began its gradual climb to superiority when in 1915 
Hugo Junkers, at that time the Professor of Mechanics at the Technische Hochschule 
in Aachen, Germany, designed and built the first all-steel cantilever monoplane in 
history. This initiated a long series of German advancements in cantilever-wing 
monoplanes by both Junkers and Anthony Fokker through the 1920s. In the United 
States, the first widely accepted monoplane was the Ford Trimotor (Fig. 1.17) intro- 
duced in 1926; this aircraft helped to establish the civil air transport business in the 
United States. (However, the public's faith in the Ford Trimotor was shaken when the 

Figure 1.1 7 Ford Trimotor, 1926 
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famous Notre Dame football coach Knute Rockne was killed on March 31, 1931, in a 
crash of a trimotor.) However, the monoplane configuration really came into its own 
with the Boeing Monomail of 1930, shown in Fig. 1.18. This airplane embodied two 
other important technical developments; it had all-metal, stressed skin construction, 
and its landing gear was retractable. In addition, it was one of the first to use wing 
fillets in an effort to smooth the airflow at the wing-fuselage juncture. The airplane 
you are looking at in Fig. 1.18 is certainly a proper beginning to the era of the mature, 
propeller-driven airplane. 

A major technical development during this era was the National Advisory Com- 
mittee for Aeronautics (NACA) cowling for radial piston engines. Such engines have 
their pistons arranged in a circular fashion about the crankshaft, and the cylinders 
themselves are cooled by airflow over the outer finned surfaces. Until 1927, these 
cylinders were usually directly exposed to the main airstream of the airplane, causing 
inordinately high drag. Engineers recognized this problem, but early efforts to en- 
close the engines inside an aerodynamically streamlined shroud (a cowling) interfered 
with the cooling airflow, and the engines overheated. One of the earliest aeronautical 
engineers to deal with this problem was Colonel Virginius E. Clark (for whom the 
famous CLARK-Y airfoil is named). Clark designed a primitive cowling in 1922 for 
the Dayton-Wright XPS-1 airplane; it was marginal at best, and besides Clark had 
no propcr aerodynamic explanation as to why a cowling worked. The first notable 
progress was made by H. L. Townend at the National Physical Laboratory in England. 
In 1927. Townend designed a ring of relativelv short length which wrapped around 
the outside of the cylinders. This resulted in a noticeable decrease in drag, and at 
least it did not interfere with engine cooling. Engine designers who were concerned 
with the adverse effect of a full cowling on engine cooling were more ready to accept 
a ring. The Boeing Monomail was equipped w~th  a Townend ring, which is clearly 
seen in Fig. 1.18. 

However, the major breakthrough in engrne cowl~ngs was due to the National 
Advisory Committee for Aeronautics in the United States. Beginning in 1927, at 
the insistence of a group of U.S. aircraft manufacturers, the NACA Langley Memo- 
rial Laboratory at Hampton, Virginia, undertook a systematic series of wind tunnel 
tests with the objective of understanding the aerodynamics of engine cowlings and 
designing an effective shape for such cowlings. Under the direction of Fred E. Weick 
at Langley Laboratory, this work quickly resulted in success. Drag reduction larger 
than that with a Townend ring was obtained by the NACA cowling. In 1928, Weick 

Figure 1.18 Boeing Monomail, 1930, with a Towend ring 
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published a report comparing the drag on a fuselage-engine combination with and 
without a cowling. Compared with the uncowled fuselage, a full cowling reduced the 
drag by a stunning 60%! Moreover, by proper aerodynamic design of the cowling, the 
airflow between the engine and the inside of the cowling resulted in enhanced cooling 
of the engine. Hence, the NACA cowling was achieving the best of both worlds. One 
of the first airplanes to use the NACA cowling was the Lockheed Vega, shown in Fig. 
1.19. Early versions of the Vega without a cowling had a top speed of 135 mih;  after 
the NACA cowling was added to later versions, the top speed increased to 155 mih.  
The Lockheed Vega went on to become one of the most successful airplanes of the 
1930s. The Vega 5, equipped with the NACA cowling and a more powerful engine, 
had a top speed of 185 mih. It was used extens~vely in passenger and corporate 
service. In addition, Amelia Earhart and Wiley Post hecame two of the most famous 
aviators of the 1930s-both flying Lockheed Vegas. Not only is the Vega a classic 
example of the new era of mature propeller-driven airplanes, but also its aesthetic 
beauty supported the pop~~lar adaze "If an a~rplane looks beautiful, it will also fly 
beautifully." 

Before the 1930% a weak link in all propeller-driven aircraft was the propeller 
itself. As mentioned earlier, Wilbur Wright was the first to recognize that a propeller 

Figure 1.19 Lockheed Vego, 1929, with on 
NACA cowling. 
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is essentially a twisted wing oriented in such a fashion that the principal aerodynamic 
force is in the thrust direction. For a propeller of fixed orientation, the twist of the 
propeller is designed so that each airfoil section is at its optimum angle of attack to the 
relative airflow, usually that angle of attack that corresponds to the maximum lift-to- 
drag ratio of the &oil. The relative dew seen by each airfoil section is the vector 
sum of the forward motion of the airplane and the rotational motion of the propeller. 
Clearly, when the forward velocity of the airplane is changed, the angle of attack 
of each airfoil section changes relative to the local flow direction. Hence, a fixed- 
pitch propeller is operating at maximum efficiency only at its design speed; for all 
other speeds of the airplane, the propeller efficiency decreases. This is a tremendous 
disadvantage of a fixed-pitch propeller. Indeed, the Boeing Monomail shown in Fig. 
1.18 had a fixed-pitch propeller, which greatly compromised its performance at off- 
design conditions. Because of the reduced thrust from the fixed-pitch propeller, the 
Monomail reached a top speed of only 158 mih, partially negating the advantage 
of the reduced drag obtained with its Townend ring and retracted landing gear. Its 
propeller problem was so severe that the Monomail never entered serial production. 

The solution to this problem was to vary the pitch of the propeller during the flight 
so as to operate at near-optimum conditions over the flight range of the airplane-a 
mechanical task easier said than done. The aerodynam~c advantage of varying the 
propeller pitch during flight was appreciated as long ago as World War I, and Dr. 
H. S. Hele-Shaw and T E. Beacham patented such a device in England in 1924. 
However. the tint practical and reliable mechanical device for varying propeller pitch 
was designed by Frank Caldwell of Hamilton Standard in the United States. The 
first production order for Caldwell's design was placed by Boeing in 1933 for use on 
the Boeing 247 transport (Fig. 1.20). The 247 was originally designed in 1932 with 
fixed-pitch propellers. However, when it started flying in early 1933, Boeing found 
that tht: airplane had inadquate takeoff performance from some of the airports high 
in the Rocky Mountains. By equipping the 247 with variable-pitch propellers, this 
problem was solved. Moreover, the new propellers increased its rate of climb hy 22% 
and its cruising velocity by over 5%. To emphasize the impact of this development 
on airplane design, Miller and Sawyer (Ref. 14) stated, "After this demonstration 
of its advantages and its successful service on the 247, no American designer could 
build a high-performance airplane without a variable-pitch propeller." Later in the 
1930s. the variable-pitch propeller, which was controlled by the pilot, developed 

Figure 1.20 Boeing 247, 1933. 
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into the constant-speed propeller, where the pitch was automatically controlled so 
as to maintain constant revolutions per minute (rpm) over the flight range of the 
airplane. Because the power output of the reciprocating engine varies with rotational 
speed, by having a propeller in which the pitch is continuously and automatically 
varied to maintain constant engine speed, the net power output of the engine-propeller 
combination can be maintained at an optimum value. 

Another important advance in the area of propulsion was the development of 
high-octane aviation fuel, although it was eclipsed by the more visibly obvious break- 
throughs in the 1930s such as the NACA cowling, retractable landing gear, and the 
variable-pitch propeller. Engine "pinging," an audible local detonation in the engine 
cylinder caused by premature ignition, had been observed as long ago as 1911. An 
additive to the gasoline, tetraethyl lead, was found by C. F. Kettering of General 
Motors Delco to reduce this engine knocking. In turn, General Motors and Standard 
Oil formed a new company, Ethyl Gasoline Corporation, to produce "ethyl" gasoline 
with a lead additive. Later, the hydrocarbon compound of octane was also found to 
be effective in preventing engine knocking. In 1930, the Army Air Corps adopted 87- 
octane gasoline as its standard fuel; in 1935, this standard was increased to 100 octane. 
The introduction of 100-octane fuel allowed much higher compression ratios inside 
the cylinder, and hence more power for the engine. For example, the introduction of 
100-octane fuel, as well as other technological inprovements, allowed Curtiss-Wright 
Aeronautical Corporation to increaqe the power of its R-1820 Cyclone engine from 
500 to 1,200 hp in the 1930s-by no means a trivial advancement. 

In subsequent chapters, we will come to appreciate that, when a new airplane is 
designed, the choice of wing area is usually dictated by speed at takeoff or landing 
(or alternatively by the desired takeoff or landing distances along a runway). The 
wing area must be large enough to provide sufficient lift at takeoff or landing; this 
criterion dictates the ratio of airplane weight to wing area, that is, the wing loading 
WIS--one of the most important parameters in airplane performance and des~gn. 
After the airplane has taken off and accelerated to a much higher cruising speed, the 
higher-velocity a d o w  over the wing creates a larger pressure difference between 
the upper and lower wing surfaces, and hence the lift required to sustain the weight 
of the airplane can be created with a smaller wing area. From this point of view, 
the extra wing area required for takeoff and landing is extra baggage at cruising 
conditions, resulting in higher structural weight and increased skin friction drag. The 
design of airplanes in the era of strut-and-wire biplanes constantly suffered from 
this compromise. However, a partial solution surfaced in the late 1920s and 1930s. 
namely, the development of high-lift devices-flaps, slats, slots, etc. Figure 1.21 
illustrates some of the standard high-lift devices employed on aircraft since the 1920s. 
along with a scale of lift coefficient indicating the relative increase in lift provided by 
each device. By employing such high-lift devices, sufficient lift can be obtained at 
takeoff and landing with wings of smaller area, hence allowing airplane designers the 
advantage of high wing loadings at cruise. High-lift devices were one of the important 
technical developments during the era of the mature propeller-driven airplane. Let us 
examine the history of that development in greater detail. 

Figure 1.21 Schematic of some basic high-lift devices. 

The basic plain flap (labeled 2 in Fig. 1.21) evolved directly from the trailing- 
edge ailerons first used by H ~ M  Farman In the autumn of 1908 in France. However, 
designers of the relatively slow World War I biplanes were not inclined to bother 
with flaps. Plain flaps were first usedon the S.E.4 biplane built by the Royal Aircraft 
Factory in 1914; they became standard on airplanes built by Fairey from 1916 onward. 
Even the pilots of these aircraft rarely bothered to use flaps. 

The single-slotted flap (labeled 5 in Fig. 1.21) was developed around 1920 in- 
dependently by three different people in three different places. One person was 
G. V. Lachmann, a young German pilot who ran smoke tunnel tests in 1917 on the 
single-slotted flap and then filed for a patent on the concept. The patent was rejected 
on the basis that the slot would destroy the lift on the wing, rather than enhance it. 
(The reviewers of the patent application did not realize that the high-energy jet of air 
through the slot produced by the higher pressure on the bottom surface and the lower 
pressure on the top surface helped to prevent the boundary layer from separating on 
the top surface, hence increasing lift.) The second person to develop the slotted flap 
was Sir Frederick Handley Page in England, who claimed that it increased lift by 
60%. When Lachmann in Germany read about Page's work, he convinced Ludwig 
Prandtl at Gottingen University to run wind tunnel tests on the slotted flap. Prandtl, 
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skeptical at first, ran the tests and found a 63% increase in lift. Lachmann got his 
patent, and he pooled rights with Page in 1921. (Much later, in 1929, Lachmann 
went to work for Handley Page Company.) The third person to develop the slotted 
flat was 0 .  Mader, an engineer working for Junkers in Germany. Mader first tested 
the concept in a wind tunnel, and then during the period of 1919 to 1921 he made 
flight tests on airplanes equipped with a single-slotted flap. This work was carried 
out independently oleither Lachmann or Page. To no surprise, however, when Mader 
applied for a German patent in 1921, it was held to infringe upon Lachmann's patent. 
The viability of the s~ngle-slotted flap was finally established beyond a doubt by a 
2-year wind tunnel testing program carried out at the National Physical Laboratory 
(NPL) in England starting in 1920. The NPL data showed that flaps enhanced the lift 
most effectively on thick airfoils, which helped to explain why they were rarely used 
on World War I biplanes with their exceptionally thin airfoil profiles. In spite of the 
favorable NPL data, and the tests by Lachmann, Page, and Mader, single-slotted flaps 
war.  slow to be iinplcmcntcd. During the 1920s, the only aircraft to he equipped with 
such flaps were those designed by Page and Lachmann. 

Flap development in the United States was spurred by the invention of the split 
flap (labeled 3 in Fig. 1.21) by Orville Wright in 1920. Working with J. M. H. Jacobs at 
the Army Air Corps's technical laboratory at McCook Field in Dayton, Ohio, Orville 
showed that the split flap increased both lift and drag. The increase In drag is actually 
beneficial du~ing I~nding; the associated decrease in lift-to-drag ratio L I D  results 
In a sleeper glide alopr during landing, hcncc rcducing the overall landing distance. 
Whether or not i t  had anything to do with nationalistic pride, the first type of flap to 
be used on an airplane designed in the United States was the split flap, and this was 
not until 1932 when Jack Northrop used it on his Northrop Gamma and Lockheed 
Orion designs (Norrhrop was a designer working for Lockheed in the early 1930s). 
In 1933 Douglaq designed the pioneering DC-1 with split flaps; the use of such flaps 
carried through to the venerable Douglas DC-3 (Fig. 1.22) in the mid-1930s. By the 
late 1930s, split flaps were being used on most civil and military aircraft. 

The next major advancement in flap development came in 1924, also in the 
United States. Harlan D. Fowler, an engineer with the Army Air Corps, working 
independently as a private venture with his own money, developed the Fowler flap, 
sketched in Fig. 1.23. The Fowler flap combined two advantageous effects. The 
deflection of the flap ~ncreased the effective camber of the wing, hence increasing 

Figure 1.22 Douglas DC-3, 1935 
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Flap undeployed Fowler flap deployed 

Figure 1.23 Schematic of a Fowler flap. 

Figure 1.24 Lockheed L-14 Super Electra, 1937. First production airplane to incorporate 
Fowler Raps. 

lift; this feature it shared with the other types of flaps. However, in addition, the 
Fowler flap, when deployed, was mechanically extended beyond the trailing edge of 
the wing, as shown in Fig. 1.23. This resulted in an increase in wing area, hence 
increasing the lift. In an interesting parallel with Lachmann's experience with the 
slotted flap, Fowler was unable to generate much interest in his invention, until 1932 
when NACA ran a series of wind tunnel tests which proved the value of the Fowler 
flap. In 1933, Fowler traveled to Baltimore, Maryland, and convinced Glenn L. 
Martin of the effectiveness of the flap. Fowler was hired by Martin Company to help 
design flaps for Martin's series of new aircraft. The Fowler flap was first used on 
the Martin 146 bomber design in 1935. The airplane was not ordered by the Army 
for production; ironically, the first production airplane to use the Fowler flap was the 
Lockheed L-14 Super Electra commerical twin-engine transport in 1937 (Fig. 1.24). 

Since the late 1930s, the only major advancement in flap design has been the 
combination of the Fowler flap with the slotted flap, and with the use of more than 
one slot. The double-slotted flap was first developed in Italy by G. Pegna of Piaggio 
Aircraft Company, and it was first used on the Italian M-32 bomber in 1937. In the 
late 1940s, the double-slotted Fowler flap was widely used on airliners such as the 
Douglas DC-6 and DC-7. A double-slotted Fowler flap is shown in Fig. 1.21, labeled 
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number 6. Finally, the triple-slotted Fowler flap was developed by Boeing for use on 
the 727 jet transport in the 1960s. 

Examine the Douglas DC-3 and the Lockheed L-14 shown in Figs. 1.22 and 1.24, 
respectively. These airplanes epitomize the mature, propeller-driven aircraft of the 
1930s. Here you see cantilever wing monoplanes powered by radial engines enclosed 
in NACA cowlings, and equipped with variable-pitch propellers. They are all-metal 
airplanes with retractable landing gear, and they use flaps for high lift during takeoff 
and landing. It is for these reasons that the 1930s can be called the golden age of 
aeronautical engineering. 

Three other technical developments of the late 1930s are worth mentioning. One 
is the advent of the pressurized airplane. Along with the decrease in atmospheric pres- 
sure with increasing altitude, there is the concurrent decrease in the volume of oxygen 
necessary for human breathing. Hence, the useful cruising altitude for airplanes was 
limited to about 18,000 ft or lower. Above this altitude for any reasonable length 
of time, a human being would soon lose consciousness due to lack of oxygen. The 
initial solution to the problem of sustained high-altltude flight was the pressure suit 
and the auxiliary oxygen supply breathed through an oxygen mask. The first pilot to 
use a pressure suit was Wiley Post. Looking like a deep-sea diver, Post set an altitude 
record of 55,000 ft in his Lockheed Vega in December 1934. However, this was not 
a practical solution for the average passenger on board an airliner. The answer was 
to prcscuri~e the entire passenger cabin of the airplane. so ac to provide a shinsleeve 
cn\.ironment for the flight crew and passengers. The first airplane to incorporate this 
feature was a specially modified and structurally strengthened Lockheed 10E Electra 
for the Army Air Corps in 1937. Designated the XC-35 (it looked much like the 
Lockheed L-14 in Fig. 1.24). this airplane had a service ceiling of 32,000 ft. It was 
the forerunner of all the modem pressurized airliners of today. 

Along with pressurization for the occupants, hlgh-altitude aircraft needed "pres- 
surization" for the engine. Engine power is nearly proportional to the atmospheric 
density; without assistance. engine power simply dropped too low at high altitudes, 
and this was the major mechanical obstacle to high-altitude flight. However, assis- 
tance came in the form of the supercharger, a mechanical pump that simply com- 
pressed the incoming air before it went into the engine manifold. Supercharger 
development was a high priority during the 1930s and 1940s; it was a major devel- 
opment program within NACA. All high-performance military aircraft during World 
War I1 were equipped with superchargers as a matter of necessity. 

Finally, we mention an interesting development in aerodynamic design which 
took place during the era of the mature, propeller-driven airplane, but which was to 
have an unexpected impact well beyond that era. It has to do with the boundary 
layer on a surface in an airstream-that thin region adjacent to the surface where 
the mechanism of air friction is dominant. Ever since Ludwig Prandtl in Germany 
introduced the concept of the boundary layer in 1904, it has been recognized that 
two types of flow were possible-laminar flow and turbulent flow-in the boundary 
layer. Moreover, it was known that the friction drag is higher for a turbulent boundary 
layer than for a laminar boundary layer. Since mother nature always moves toward 
the state of maximum disorder, and turbulent flow is much more disorderly than 

Figure 1.25 North American P-51 Mustang. First production airplane to use a laminar-How 
wing. 

laminar flow, about 99% of the boundary layer along the wings and fuselage of typ- 
ical airplanes in flight is turbulent, creating high skin-friction drag. However, in the 
late I930s, by means of proper design of the airfoil shape, NACAdeveloped a series of 
laminar-jowairfoils that encouraged large regions of laminar flow and reduced airfoil 
drag by almost 50%. Such a laminar-flow wing was quickly adopted in 1940 for the 
design of the new North American P-51 Mustang (Fig. 1.25). However, in practice, 
these wings did not generate the expected large laminar flow. The NACA wind tunnel 
experilnellts were conducted under conuolled cond~tlons using models with hlghly 
pollshed surfaces. In contrast, P-51 wings were manufactured with standard surface 
finishes that were rougher than the almost jewellike wind tunnel models. Moreover, 
these wings were further scored and scratched in service. Roughened surfaces en- 
courage turbulent flow; even insect smears on the wing can cause the flow to change 
from laminar to turbulent. Hence, in practice, the laminar-flow wing never created the 
large regions of laminar flow required to produce the desired low level of skin-friction 
drag. However, totally unexpectedly, the laminar-flow airfoil shape turned out to be 
a very good high-speed airfoil. It had a much higher critical Mach number than a 
conventional airfoil did, and hence it delayed the onset of compressibility problems 
encountered by many high-speed airplanes in the early 1940s. A technological de- 
velopment from the era of the mature, propeller-driven airplanes resulted instead in 
paving the way for the next era-the era of the jet-propelled airplane. 

1.2.4 Era of the Jet-Propelled Airplane 

Many types of aircraft gained fame during World War 11. Typical of these were the 
Lockheed P-38 Lightning (Fig. 1.26) and the Republic P-47 Thunderbolt (Fig. 1.27) as 
well as the P-51 Mustang (Fig. 1.25). However, these aircraft exhibited no inherently 
new features compared to the mature, propeller-driven airplanes from the late 1930s; 
they were simply more refined and more powerful, with correspondingly improved 
performance. Indeed, virtually all the important airplanes that participated in World 
War I1 were designed well before the United States entered the war; this includes 
the aircraft in Figs. 1.25 to 1.27. In fact, just a few months before the U.S. entry 
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Figure 1.26 lockheed P-38 Ltghtn~ng. 

Figure 1.27 Republic P-47 Thunderbolt. 

into the war, development of new airplane types was frozen in order to concentrate 
on mass production of existing models. The situation was summed up by James H. 
Kindclberger, president of North American Aircraft, in a paper entitled "The Design 
of Military Aircraft" in the Aeronaurical Engineering Review, December 1953: "AS 
far as United States military aviation is concerned, the Second World War may be 
characterizied as a period of intensive design improvements and refinement rather 
than as a period of innovation." Clearly, the policy of the U.S. government relative to 
the aircraft industry in 1941 was to concentrate on the development of designs that 
already existed. On the other hand, the Germans and the British had a somewhat 
different perspective, out of which was born the jet-propelled airplane. 

The invention of the jet engine caused a revolution in airplane design and perfor- 
mance. Besides the invention of the first practical airplane by the Wright brothers, no 
other technical development has had the impact on aeronautics as that of the jet en- 
gine. The conventional propeller-driven airplane had a major speed limitation; when 
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the speed of the propeller tips approached or exceeded the speed of sound, shock 
waves would form at the tips, and propeller efficiency would plummet. Jet propul- 
sion dispensed with the propeller and opened the way toward efficient transonic and 
supersonic flight. 

The jet engine was invented independently by two people-Frank Whittle (now 
Sir Frank Whittle) in England and Dr. Hans von Ohain in Germany. In 1928, as a stu- 
dent at the Royal Air Force technical college at Cranwell, Frank Whittle wrote a senior 
thesis entitled "Future Developments in Aircraft Design" in which he expounded on 
the virtues of jet propulsion. It aroused little interest. Although Whittle patented his 
design for a gas-turbine aircraft engine in 1930, it was not until 5 years later that he 
formed, with the help of friends, a small company to work on jet engine development. 
Named Power Jets Ltd., this company was able to successfully bench-test a jet engine 
on April 12, 1937-the first jet engine in the world to successfully operate in a practi- 
cal fashion. However, it was not the first to fly. Quite independently, and completely 
without the knowledge of Whittle's work, Dr. Hans von Ohain in Germany devel- 
oped a similar gas-turbine engine. Working under the prlvate support of the famous 
airplane designer Ernst Heinkel, von Ohain started his work in 1936. On August 27, 
1939, a specially designed Heinkel airplane, the He 178, powered by von Ohain's jet 
engine, successfully flew-it was the first gas turbine-powered, jet-propelled airplane 
in history to fly. It was strictly an experimental airplane, but von Ohain's engine of 
838 Ih of thrust pushed the He 178 to a maximum speed of 360 mih. (Five days later. 
Gennany invaded Poland, and World War IT began.) It was not until almost 2 years 
later that a British jet flew. On May 15, 1941, the specially designed Gloster E.28139 
alrplane took off from Cranwell, powered by a Whittle jet engine. It was the first to 
fly with a Whittle engine. With these first flights in Germany and Britain, the jet age 
had begun. 

Although the He 178 had flown just before World War 11, and the Gloster E.28139 
early in the war. it was not until 1944 that a jet aircraft was deployed in any numbers. 
That was the German Messerschmitt Me 262 (Fig. 1.28). The Me 262 first flew 
on July 18, 1942, but Hitler's attempt to convert the fighter to a vengeance bomber, 
problems with the turbojet engines, a deteriorating fuel situation, and Allied air attacks 
on the aircraft assembly factories combined to delay its appearance in combat until 
September 1944. Powered by two Junkers Jumo 004 turbojets with a thrust of 1984 
Ib each. the Me 262 had a maximum speed of 540 rnilh. In total, 1433 Me 262s were 

Figure 1.28 Messerschmitt Me 262A, the first operational iet airplane. 1944 
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produced before the end of the war. It was the first practical operational jet-propelled 
aircraft. 

The era of jet-propelled aircraft is characterized by a number of design features 
unique to airplanes intended to fly near, at, or beyond the speed of sound. One of 
the most pivotal of these design features was the advent of the swept wing. For a 
subsonic airplane, sweeping the wing increases the airplane's critical Mach number, 
hence allowing it to fly closer to the speed of sound before encountering the large drag 
rise caused by the generation of shock waves somewhere on the surface of the wing. 
For a supersonic airplane, the wing sweep is designed such that the wing leading 
edge is inside the Mach cone from the nose of the fuselage; if this is the case, the 
component of airflow velocity perpendicular to the leading edge is subsonic (called a 
subsonic leading edge), and the resulting wave drag is not as severe as it would be if 
the wing were to lie outside the Mach cone. In the latter case. called the supersor~ic 
leading edge, Ihe component of flow velocity perpendicular to the Leading edge is 
supersonic, with an attcndant ctron_e shock wave generated at the leading edge. In 
either case, high subsonlc or supersonic, an airplane with a swept wing will be able 
to fly faster than one with a straight wing, everything else being equal. 

The concept of the swept wing for high-speed aircraft was first introduced in 
a public forum in 1935. At the fifth Volta Conference, convened on September 30, 
1935, in Rome, Italy, the German aerodynaln~cist Adolf Busemann gave a paper in 
which he discr~cced the technical reaqnnq why swept winys would have less d r a  
at high speeds than conventional straight wings. Althongh sevrral Americans were 
present, such as Eastman Jacobs from NACA and Theodore van Karman from Cal 
Tech, Busemann's idea went virtually unnoticed; it was not carr~ed back to the United 
States with any sense of importance. Not so in Germany. One year after Busemann's 
presentation at the Volta Conference, the swept-wing concept was cla\s~lied by the 
German Luftwaffe as a military secr-et. The Gel-mans went on tu producc a large bulk 
of swept-wing research, including extensive wind tunnel testing. They even des~gned 
a few prototype swept-wing jet aircraft. Many of these data were confiscated by 
the United States after the end of World War 11, and made available to U.S. aircraft 
companies and government laboratories. Meanwhile, quite independently of this 
German research, Robert T. Jones, an NACA aerodynamicist, had worked out the 
elements of swept-wing theory toward the end of the war. Although not reinforced 
by definitive wind tunncl tests in the United States at that time, Jones's work served 
as a second source of information concerning the viability of swept wings. 

In 1945, aeronautical engineers at North American Aircraft began the design of 
the XP-86 jet fighter; it had a straight wing. However, the XP-86 design was quickly 
changed to a swept-wing configuration when the German data, as well as some of 
the German engineers, became available after the war. The prototype XP-86 flew on 
October 1, 1947, and the first production P-86A flew with a 35" swept wing on May 
18, 1948. Later designated the F-86, the swept-wing fighter had a top speed of 679 
mih ,  essentially Mach 0.9-a stunning speed for that day. Shown in Fig. I .29, the 
North American F-86 Sabre was the world's first successful operational swept-wing 
aircraft. (In this author's opinion, the F-86 is asthetically one of the most beautiful 
airplanes ever designed.) 
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Figure 1.29 North American F-86 Sabre, 1949. 

Figure 1.30 Lockheed F-104 Starfighter, 1954 The first airplane designed for sustained Right 
above Mach 2. 

By the time the F-86 was in operation, the sound barrier had already been broken. 
On October 14, 1947, Captain Charles (Chuck) Yeager becan~e the first human being 
to fly faster than the speed of sound in the Bell X-l rocket-powered airplane. Eight 
years later, in February 1954, the first fighter airplane capable of sustained flight at 
Mach 2, the Lockheed F-104 Stafighter, made its first appearance. The F-104 (Fig. 
1.30) exhibited the best qualities of good supersonic aerodynamics-a sharp, pointed 
nose, slender fuselage, and extremely thin and sharp wings. The airfoil section on the 
F-104 is less then 4% thick (maximum thickness compared to the chord length). The 
wing leading edge is so sharp that protective measures must be taken by maintenance 
people working around the aircraft. The purpose of these features is to reduce the 
strength of shock waves at the nose and leading edges, hence reducing supersonic 
wave drag. The F-104 also had a straight wing with a very low aspect ratio rather than 
a swept wing. This exhibits an alternative to supersonic airplane designers; the wave 
drag on straight wings of low aspect ratio is comparable to that on swept wings with 
high aspect ratios. Of course, this low-aspect-ratio wing gives poor aerodynamic 
performance at subsonic speeds, but the F-104 was point-designed for maximum 
performance at Mach 2. (This is just another example of the many compromises 
embodied in airplane design.) With the F-104, supersonic flight became an almost 
everyday affair, not just the domain of research aircraft. 

The delta wing concept was another innovation to come out of Germany during 
the 1930s and 1940s. In 1930. Dr. Alexander Lippisch designed a glider with a delta 
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configuration; the leading edges were swept back by 2 0 .  Of course. the idea had 
nothing to do with h~gh-speed flight at that time; the delta configuration had some sta- 
bility and control advalltages associated with its favorable center-of-gravity location. 
However, when Buselnantl introduced hia swept-wing ideas in 1935, Lippisch and 
his colleagues knew they had a potential high-speed wing in their deltaconfiguratlon. 
I.ippisch continued his resarch on delta wing\ dul-ing the war. using small models in 
G e m a n  supersonic w ~ n d  runnels. By the end of the war, he was ataltlng to deaign 
a delta wing ramjet-powered tighter. Along with the Gerinaii swept-wins data. t h ~ s  
delta wing technology wa\ transferred to the Unlted Stales after the war. it servcd as 
the basis for an extended wiud tunnel test program on delta wings at NACA Langlcy 
hlc.i~iuiial Laboratc~r) 211 t h ~ s  long-term urmd!~n:lmic revearch in Gel-~ni~ny on swept 
and delta wings l~ol~icallq Jld not help Gel-many in the outcome of thc war However. 
a \  slated by M~liel a11d S ~ M C I S  (Ref. 13), it  as a "gift to the victorq." 

The first practlal delta wlng aircraft waa the Convair F- 102 (big. 1.3 1 ). The design 
01 t h ~ \  a l ~ ~ l a f t  la ~ I I  I I I ~ ~ . I C ~ L ~ I ~ ~  story In its o\vn right-a .;tory oftlie ~iltei-pli~v hetween 
des~gn  and research, and hetween industry and NACA. The F-102 uah dcs~gned a 
a supersonic airplane. However, much to the embarrassment and fru?tration of the 
Convair engineers. the prototype F-102 being tested at Edwards Atr Force Base during 
Octoher 1953 and then again in January 1954 exhibited poor perlormanee and was 
unable to go \uper\onic. At the aamc time. Richard Whltcomb at NACA La~iyley 
wdb CUIIJUCIII I~  i \~i id  iuii~iii~l tc\ts 1.111 Iii\ ".IIC,I I - L J I ~ "  C O I I C C ~ ~ .  a.hrch cnllrd tor the 
cross-scct~onai alca ui ~l i i .  ii~\cl,~gc. to hc 1cJu;cii in the vicinity of rhr \\,in: R!t qo 
doing. the tran\on~c dl-as wa\ substantially ]educed. The Convair engineers quickly 
adopted t h ~ s  concept oli ~1 new prototype of the F-102, and it went supersonic on ~ t \  
second H~ghr. I he art%a-I-rric dehigcl Idrurc  IS clearly seen in Fig. 1.31, 211 the top i \  
the orlglnal de.;ign ot the 1.- 102. and at tllc. hu~toin  is the area-rulc dcs~gn 'I'hr "Coke 
bottlc shape" of the fi~\rl;ige caused hv area rule I S  clearly evldent. Co11va11 wcnl O I I  

to p1-oducc 975 F--l02\. the practic;il delta win: airplane was finally ;I reality 
Thc arca I-ulc \\a\ ollc of the most illiport;lnt technical dc\~eloprnrnt.: during the 

cia of jct-propelled ailplanes. Ihday. almo\t all 11-anaonic and supersonic aircraft 
incorporate some degree ol area rule. Fol 111s work on thc area ~ u l c .  Whitcoinb 
recclved the Collier TI-opliy. the highest award given in the tield of aeronautic\ 

01ic of  tllc 111o\t rlaglc storleu In the annalr of airplane de\ipn occuri-cd in the 
early 1950s. Keylng on t-ngland s e a ~ l y  lead in jet piopulaiuli, dc. I la~i l land Aircraft 
Company dr\ignrJ and flew the lirst c o ~ n m c ~ c i a l  jct transport the de Hav~llanti 
Comet (Fig. 1.32). Powcred by four de Hav~lland Ghost jet engines. the Comet car- 
ried 36 passengers for 2,000 mi at a speed of 460 milh, cruising at relatively high 
altrtudes neat- or abovc 30,000 ft. The passengel cabin wa\ pressurized; Indeed, the 
Comet was the first pressurized alrplane to Hy for extended period5 at such h ~ g h  
altitude\. Inasinuch ah good airplane dcs~gn  IS an evolutiunary procehs ba\ed on 
preceding ail-c~aft, the de Havilland designers had little precedent on which lo ba\e 
the structural design of the prcasuri~ed fubelage. The Comet entered comtnercral 
service with BOAC (a forerunner of Br~tisli Airways today) in 1952. liowevei. in 
1954, three Comets disintegrated in flight, and the airplane was qu~ckly w~thdrawii 
from service Thc prohlem wa\ later found to be structural failure ol the fu\elagc 
wlillc pl.cssu~r~ccl Dc Iia\,illarid u\cd ~ C I I I I ~ I C I \ I I ~ L  I-ivct\ in ~ h c  clrn\trlrction of Ihc 

I 

( h i  

Figure 1 31 (a )  Conva~r F 102 w~thout ore0 rule (h) Conva~r F IOZA, w~th or- rule 


































































































































































































































































































































































































































































































































































