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Preface

“You TAKE too much for granted!” The speaker might
well be a parent, speaking tc a spoiled child. He might
also be a letter writer, phrasing a letter to be sent in
to a daily newspaper. Again, he might be about to
launch into an explanation of why aircraft fly.

This notion that aircraft fly—of course we take it
for granted. We see, hear, and ride in aircraft in
flight. We read statistics on aircraft which do not fly,
aircraft which have accidents, but how often do we
read statistics or discussions of aircraft which do fly?
How often does it occur to us that aircraft flight is a
science and not a gift?

And how often do we wonder about the nature of
this science of aircraft flight: Whatis it that makes an
aircraft fly? How does the aircraft get off the ground
in the first place; how does it stay in the air;how is it
controlled in the air; how is it landed . . . . Many more
“how” questions might bc added: how is a plane put
together; how does one man control as complicated
a piece of machinery as a modern aircraft. . . . and on
and on.

This unit, Theory of Aircraft Flight, will provide
answers for some of these questions about the compli-
cated and serious business of flying aircraft. Odd as it
may seem, the Wright brothers relied on many of the
same principles used today when they built and flew
their first successful heavier-than-air craft in 1903.
Today’s high-speed aircraft use different propulsion
systems, different building materials, and different de-
signs from those of the early pioneers of aviation.
Today’s aircraft can fly much higher, longer, and
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faster than those carly “iron birds.” But certain prin-
ciples are common to all aircraft, old and new, and
newer aircraft still rely on many of these principles.

In onc sense, the history of aviation is the history
of civilization. It has been said that advances in trans-
portation have paralleled advances in degree of civili-
zation. For the history of flight, this statement is
certainly true. The purpose of this unit, however, is
not to give you a history of aviation; rather, its purpose
is to explain why it is that men can fly. To explain
this phcnomenon satisfactorily, it will be necessary to
discuss some historical dcvelopments which have
helped make aviation into a science, rather than a
drcam or a nightmarc.

You will also lcarn about the air around you: what
its propertics arc: why these characteristics help make
flight possible; and how men can harness the air and
predict results of flights.

We'll then move on to cxamine the balance of forces
which holds an aircraft in the air. Then, we'll sce how
an aircr.... moves through the air. Next, we’ll look at
aircraft structurc: what arc the basic components of
an aircraft; how and why an aircraft is designed; and
what stresses occur or the airframe.

Finally, we’ll ¢xamine aircraft instruments: what
they are; what types there arc; and, basically, how they
work. It seems wiser to present an overall view of the
aircraft and how it works before wc cxamine the
instruments which the pilot uses to tell how his air-
craft is performing. In addition, thc booklcts on
propulsion systems and navigation will discuss certain
instruments in more depth than this brief overall treat-
ment allows.

We might mention herc that several writers on the
subject of aerodynamics point out that “theory of flight”
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is something of a misnomer: human flight is an actual
fact; why, then, do we call it a theory? The only answer
we can give is that the “theory” part of “theory of
flight” comes from human attempts to explain what
humans have accomplished. We know that an aircratt
can fly; we know that the atmosphere has certain prop:
erties; etc., etc.—and the “theory” invloved is the
tying-together of all these known facts into an explain-
able package.
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Aerodynamic Forces

THIS CHAPTER ploces mon's attempts to fly in historicol perspective.
You will reod obout mon's early ottempts to fly. Then, you will trace
through the physicol lows which underlie flight, porticularly
Newton’s Laws of Motion and Bernoulli's Principle. Finolly, you

~ will look ot on aircraft in flight and exomine the bolonce of forces
which keep it there. After you hove studied this chopter, you
should be oble to do the following: (1) explain the importonce of his-
tory in the development of “successful controlled, powered, heovier-
thon-air oircroft flight;” (2) show why the Wright brothers had to
understand Newton’s Laws of Motion and Bernoulli’s Principle in
order to moke their oircraft fly; and (3) tell why four forces, in
bolance, ore essential to flight.

W ITH A ROAR and then a steady hum, your aircraft takes off.
You, sccurely strapped into your seat, hear a blast and then a
steady but subdued hum. The “Fasten Seat Belts” sign goes off, and
you relax, secure in the knowledge that your aircraft is being flown
well and safely. But then you look out the window and see those
big engines, representing hundreds of horsepower, silently surging
through the air. What makes them keep your aircraft in the air?
Why don'’t you go plummeting down to the earth? How “on carth”
did you get up where you arc in the first place?

Sit back; relax; and don’t worry. Something other than popular
opinion is keeping your aircraft in the air! In one sense, the last
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THEORY OF AIRCRAFT FLIGHT

five or six hundred years’ experience of mankind is holding up your
Plane. This chapter, “Aerodynamic Forces,” will take a quick look
at aspects of the last five centuries which have led to the smooth
and safe flight you're on right now. The history of man’s attempts
to soar under his own power like the birds is an important aid to
understanding why you are where you are right now. A rapid ex-
amination of man’s trials and errors in his attempts to fly may well
remove some of your own misconceptions about the nature of flight;
certainly, it will show you how earlier man attempted to fly.

MAN'S EARLY ATTEMPTS ToO FLY

It all began with the Greeks, like so many other things. You have
probably heard or read about the legend of Daedalus and Icarus. In
order to escape from the great labyrinth of King Minos of Crete,
Daedalus made wings for himself and his son Icarus from feathers
and a magic wax. Both escaped from the labyrinth, but, so the legend
goes, Icarus flew too near the sun, and the sun melted his wings,
causing him to plunge to his death in the sea. Like all legends, this
one probably has no basis in fact; rather, it arose to explain some-
thing that mar could explain no other way: birds fly, and man does
not. Man had tried, but his nature was such that he didn’t succeed.

Archimedes, meanwhile, was performing experiments with water,
but his conclusions about the nature of water were also to affect pre-
Christian man’s notions of flight. Archimedes’ experiments led him
to this conclusion: a body will float if it is lighter than a like measure
of water, but it will sink if it is heavier. Extending this conclusion
to one specific case, he concluded that if things lightcr than water
will float on the sea, then things lighter than air will float on the
atmosphere. The problem, of course, was simply to build an airship
lighter than a like volume of air,

In this same pre-Christian period of history, the Chinese had
solved the problem quite another way: they figured out how to
harness moving air by means of the kite. Old records indicate that
some of these early Chinese kites were large enough to lift a man.
Some of these man-bearing kites were even used in battle for obser-
vation. The Chinese, however, were separated from the Greeks, in
space, in time, and in general cultural background, so it was not
until much later that man directed his thoughts to solving the prob-
blem of flight.

2
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AERODYNAMIC FORCES

The next major thinker on the problem of manned flight was the
great Leonardo da Vinci. Da Vinci designed both a parachute and
an early form (a prototype) of the helicopter, as well as a man-
powered ornithopter (a flying machine which used the same prin-
ciples as birds). But he realized that a power source capable of
flying the machine was not available, and so many of his ideas
remained in notebook form until quitc recently. A model of da
Vinci’s helicopter recently built according to his plans was reported
to have been successfully flown, although present-day helicopters, of
course, far surpass anything da Vinci dared dream of. See Figure 1.

Since heavier-than-air craft scemed totally out of the question,
man’s attention next turned to the possibility of lighter-than-air craft
balloons. Joseph and Etienne Montgolfier, eighteenth-century
Frenchman, discovered that captive smoke, contained in a silk bag,
rises, until, of course, the smoke cools off! Directing balloons in the
air, however, proved a difficult task, and it was not until the middle
of the nincteenth century that man was able to control a balloon
with any great degree of success.

The next major step in man’s conquest of the sky came from
simple observation of birds in flight. Today, it perhaps scems a
bit clementary to us that birds sometimes flap their wings and
sometimes do not, because we understand that both the motion ard
the rigidity of birds’ wings are tied in with their ability to fly. Bat

Figure 1. Leonardo’s Designs far a Parachute and o Helicapter.
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THEORY OF AIRCRAFT FLIGHT

the gliding ability of birds was to provide the clue to the secret of
flight.

The Chiizese and Japanese had realized that the gliding ability
of birds could be duplicated, to a degree, in a kite. Old records
and legends would have us believe that men were “flying” in kites
as early as the 1600’s. But this is not really flying, as we under-
stand the term today—it is more like floating than flying.

In the early nineteenth century, the Englishman George Cayley
constructed the first true model glider. Cayley’s writings show that
he realized many of the problems about human flight which later
experimenters would have to solve. Stability and steering were still
the primary difficulties man was encountering in the air.

Later nineteenth century experimenters laid the real foundations
for the Wright brothers’ 1903 flight. John Montgomery, an Ameri-
can physics professor, realized that man must understand how to
make a controllable glider in order to fly safely. Otto Lilienthal, a
German experimenter, also began with gliders. He realized that an
understanding of the glider was essential to an understanding of the
true nature of flight. By 1896, Lilienthal had built many successful
gliders and had published a book titled Bird Flight as the Basis of
the Flying Art. In 1896, he built a powered biplane with moveable
control surfaces (wingtips), but he was never to fly it, because of
an accident in one of his gliders. Octave Chanute, an American
engineer, finally designed an easily controlled glider which did not
require an acrobat to fly it.

Meanwhile, the internal combustion engine had emerged as the
primary source of power for the twentieth century. The history of
the development of the internal combustion engine is clouded by
time, but it appears that Samuel Langley, Secretary of the Smith-
sonian Institution, was one of the first to build an aircraft and
then to power it with an internal combustion engine. His big air-
craft never actually flew, although a reproduction made of this plane
in the early part of the twentieth century was successfully flown.

Another aeronautical advance took the form of the steerable
airship or dirigible. The rigid or nonrigid balloon, eventually of
cylindrical shape, was driven by internal combustion engines
mounted on a cabin suspended below the craft. These lighter-than-
air craft vied with the heavier-than-air machines for superiority in
the early part of this century, but the advantages of greater maneu-
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Figure 2. Dumont Dirigible and Zeppelin Rigid Airship.

verability and speed of the heavier airplanes greatly outweighed
those of the dirigibles. See Figure 2.

It fell to two bicycle makers from Dayton, Ohio, Orville and
Wilbur Wright, to combine all of man’s previous knowledge with
their technical skill and original contributions to make the first suc-
cessful controlled, powered, heavier-than-air aircraft flight. Notice
all those terms: “controlled,” *“powered,” and ‘‘heavier-than-air.”
When we think of pioneers in aviation today, too often we tend to
think that it all began with Orville and Wilbur Wright. This simply
is not so. The Wrights studied all the available material on gliders,
airships, control systems, and power plants, and only as a result of
the study was their successful flight possible.

What did the Wrights study? What did they have to know in
order to make their plane fly? They had to know the same basic
things you will have to know in order to understand how and why
an airplane flies. They did not understand the principles of flight
in quite the same terms that we will use, but where they did not
understand, they experimented.

Let’s start here: *“‘Heavier-than-air aircraft fly because, through
the application of power to the resistance of the air, airfoils are made
to lift and support a given weight in flight.” That’s the whole story
in a nutshell. Now let’s try to crack that nut and get at the meat.
Aecrodynamics includes physical laws which have a scientific basis
in fact. Hence, we would do well to examine a few of these basic
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physical laws. An important formulater of three basic physical laws
was Sir Isaac Newton (1642-1727). An understanding of his laws
of motion is essential to an understanding of aircraft flight.

NEWTON'S LAWS OF MOTION

Newton based his laws on motion largely on observation and ex-
perimentation. Like all theoretical laws, Newton’s laws were
originally based upon what Newton saw around him and then
were expanded to include new phenomena. Aircraft flight is a good
example of something Newton had never seen (and would never
see). It is interesting to note, however, that Newton’s laws are
substantiated by the fact that aircraft do fly.

“A body continues in its state of rest or uniform motion in a
straight line unless an unbalanced force acts on it.” This is Newton’s
First Law of Motion. Stated more simply, it becomes: “A body at
rest tends {0 remain at rest, and a body in motion tends to remain
in motion, unless an outside force acts on the body.” This law is
sometimes called the Law of Inertia. This is how it works.

Imagine that you are standing up in a crowded train. The train
is rioving forward at about 50 miles per hour when the engineer
suddently applies the brakes. What happens to you? Unless you can
grab onto a seat quickly, you'll continue to move forward, even
though the train has stopped. You are demonstrating Newton’s
First Law of Motion. You are the “body in motion,” and so you
tend to remain in motion. The train, too, is a “body in motion,”
but an “unbalanced force” (the force of the brakes) acts on the
train to stop it.

“The acceleration of a body is directly proportional to the force
exerted on the body, is inversely proportional to the mass of the
body, and is in the same direction as the force.” That hefty mouth-
ful is Newton's Second Law of Motion. It says three basic things:
(1) When you hit something, it picks up speed; (2) The heavier
the object is, the less rapidly it picks up speed; and (3) The object
picks up speed and continues to move in the same direction that
you hit it from. ’

Imagine, now, that the train you were taking (the one that came
to the sudden stop) was taking you to the golf course. It’s a beauti-
ful spring day, and you place your tee into the ground and put your
golf ball on it. You go into your backswing; your club stops at the
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AERODYNAMIC FORCES

top of your backswing; you go into your downswing; and at the
bottom of your downswing, your club head meets the ball. The ball
takes off, and you follow through. It’s a perfect straight shot, right
down the middle of the fairway.

You've just demonstrated Newton’s first two laws of motion. How?
You hit the ball (applied an outside force), making it move (over-
coming its inertia). You also have caused it to pick up speed
(accelerate). Since the golf ball is relatively light, it picks up
speed rapidly. Finally, since your shot was straight, it “accelerated
in the same direction as the force.”

“Whenever one body cxerts a force upon a second body, the
second exerts an cqual and opposite force upon the first body.” This
is Newton’s Third Law of Motion. Here’s another way to state the
same thing: “For every action therc must be an equal and opposite
reaction.”

Let’s go back to our golf game and seec if we can find this law
at work. When you struck the ball with your club, you performed
an action. What was the reaction? The golf ball reacted against
the club, and this reaction was transferred up the shaft of the club
to your hand. Then, it went on up your arm to your shoulder, and
you “felt” the connection between ball and club.

These three laws, then, are important io the student who wants
to understand why planes fly. You should also be familiar with some
ter.us used in connection with these laws. You will encounter these
terms in your study of aerodynamics: it is a good idea, then, to
understand them from the start.

NEWTON'S LAWS OF MOTION

A body at rest tends to remain at rest, and a body in
motion tends to remain in motion, unless an outside force
acts on the'body.

The acceleration of a body is directly proportional to the
force exerted on the body, is inversely proportional to the
mass of the body, and is in the same direction as the force.

For every action there must be an equal and opposite
reaction.




THEORY OF AIRCRAFT FLIGHT
ACCELERATION, VELOCITY, FORCE, AND MASS

In our discussion of Newton’s Second Law of Motion, we men-
tioned the term “acceleration.”” What, exactly, is acceleration? We
hear the term all the time: cars accelerate from 0-50 miles per
hour in X number of scconds; aircraft accelerate from one spesd to
another; etc., ctc. A formal definition of acccleration states: *“Ac-
celeration is the change in velocity per unit of time.” We're getting
there, now: acceleration represents a change. But a change in
what? A change in velocity. What, then, is velocity? Velocity is,
simply, rate of motion in a given dircction. We should be able to
say, now, that acceleration is change of rate of motion in a given
direction per unit of time. Remember this dcfinition: you will be
using it later ii this booklet.

Let's now take another look at Newton’s Second Law of Motion.
We've defined acceleration and velocity; how about force and mass?
“Force” is defined in the USAF Dictionary as “Power or energy
exerted against a material body in a given direction,” and perhaps
you had alrcady learncd that force has both magnitude and dircc-
tion. “Mass,” though, is a little trickier concept to get straight. Mass
is the quantity of matter in a body, while weight, with which mass
is often confused, is the pull of gravity on that quantity of matter.
This really is not too confusing, to any of us who have scen the
astronauts walk in space. When an astronaut steps outside his space
capsule, he still has the same mass (the same quantity of matter),
but since he is so far beyond the puil of the earth’s gravity, he has
no weight.

Let’s substitute our new dcfinitions of terms into the already
lcngthy statement of Newton's Second Law of Motion and sce what
happens: “The rate of change of motion of a body is directly pro-
portional to the power or encrgy cxcrted against this body, is inversely
proportional to the quantity of matter in this body, and is in the
same direction as the power or cnergy cxerted against this body.”
Well, we've added some additional words to our statement of this
law of motion, and hopefully we've gained some critical under-
standing of what thesc words mecan.

These laws of motion will figure in a later discussion of aircraft
flight. Another principle which is essential to this discussion is called
Bernoulli's Principle.
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AERODYNAMIC FORCES

Figure 3. How a Venturi Tube Works.

Daneil Bernoulli, an cighteenth century Swiss scicntist, discovered
that as the velocity of a fluid increases, its pressure decreases. How
and why does this work, and what docs it have to do with aircraft in
flight?

One of the simplest ways to visualize this principle is to imagine
what’s called a Venturi tube. You'll run into a Venturi again in the
unit on propulsion systems, since a Venturi is an extremely impor-
tant part of a carburetor. A Venturi tube is simply a tube which is
narrower in the middle than it is at the cnds. When the fluid passing
through the tube reaches the constriction in the middle, it speeds
up. According to Bernoulli’s Principle, it then should exert less
pressure. Let’s sce how this works.

As the fluid passes over the central part of the tube, shown in
Figure 3, more cnergy is used up as the molccules accelerate. This
leaves less energy to cxert pressure, and the pressure thus decreases.
One way to describe this decrease in pressure is to call it a differ-
ential pressure. This simply means that the pressure at one point
is different from the pressure at another point. For this reason, the
principle i5 sometimes calied Bernoulli's Law of Pressure Differ-
ential.

We'll be relying on Bernoulli pretty heavily in a later chapter.
For the moment, though, let’s imagine that we have our plane in
the air. We asked you in the preface to this booklet what held it
there? It may seem to you that we haven’t gotten very far in an-
swering this question, but we're on our way.
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THE FORCES OF FLIGHT

Our plane is in the air, and four forces in balance with one an-
other hold it there. These four forces arc lift, weight, thrust, and
drag. As you can scc from Figure 4 these forces operate in pairs:
thrust and drag; lift and weight. We will discuss lift and how it
works in a later chapter; and you know alrcady that weight is
measure of gravity, which is the attraction of the carth for all bodies
on or near it. Lift operates to overcome weight, and weight serves
to keep the aircraft from continuing to rise any higher than the
pilot wants it to go.

How about the other pair. thrust and drag? Thrust is a force
which gives forward motion to the aircraft. The propeller or the jet
engine produces the thrust. Drag, on the other hand, is the force
which is opposed to thrust. It opposes the forward motion of the
aircraft. It is caused, basically, by the resistance of the air to the
aircraft passing through it. Offhand, you may think of two of these
forces—lift and thrust—as being “friendly” to flight, and the other
two—weight and drag—as being “unfriendly.” But think about it
again: if there were no weight to counteract lift, the aircraft would
risc—and risc and rise—and the pilot would not be able to control it.
If there were no drag to counteract thrust. the aircratt would go
faster and faster, and, again, the pilot would not be able to control
it. When weight and lift arc equal, the aircraft flics level, neither

Figure 4, The Forces of Flight.
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climbing or descending. When thrust and drag are cqual, the air-
craft flies at a constant rate of specd. ncither accelerating nor de-
celerating.

Newton’s Second Law of Motion provides the explanation here:
“For cvery action therc must be an equal and opposite reaction.”
To allow a plane to fly straight and level, thrust must be cqual and
oppositc to drag, and lift must be equal and opposite to weight.

Therefore, all four of these forces arc both asset and liability—
forces to usc and forces to overcome. The thrust of the engines
produces the drag of air rushing past the aircraft. Without this drag,
an aircraft would be like a car without brakes or steering equip-
ment. Weight, too, can be an asset. It provides stability and con-
trol. Fuel capacity and “payload” (generally, contents), which are
the very things that make an aircraft a useful machine rather than
a piece of sporting equipment, also mean weight.

Thrust and lift, the two “friendly” forces, must also be kept
within the limits of usefulness and safety. An aircraft can be designed
with decrecased drag, but this decreased drag may also decrease
lift. It may also mean that weight must be decrcased, as well, in
order that the planc can get off the ground!

We will be coming back to these basic four forces of flight in
subsequent chapters of this unit. It is important here that you see
that they are in balance with one another when an aircraft is in
straight and level flight.

To sum up: Man’s early attempts to fly were defeated primarily
because he did not understand the nature of what he was trying to
do. As man’s obscrvations became more refined, his understanding
increased. Scientific experimentation took the place of wishful
thinking, and man finally was able to soar, wobbly at first, but in-
creasingly confident. Man’s success in the air can be explained by
describing certain forces which hold his aircraft aloft, but the entirc
story is rather morc complicated. The remaining chapters in this
unit will cover other aspects of aircraft in flight.

e T L R Y e T L e T T s O R s

REVIEW QUESTIONS

1. What major advances in man’s knowledge and experience led up to the
Wright brothers’ first successfol powered heavier-than-air aircraft flight?

2. What are Newton’s Laws of Motion? Discuss their application to everyday
life,
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THEURY OF ATRCRAFT FLIGHT
3. What are acceleration, velocity, force, and mass? Give examples of these
terms from everyday life.

4. State Bernoulli's Principle, and list several examples of the application of
this principle.

5. What are the four “forces of flight”?

THINGS TO DO

This chapter deals with basic principles of physics. You can prove for
yourself that Newton's Laws of Motion, for example, are true by performing
any of the experiments listed in standard physics books. You also can be
aware of these principles in action around you every day.
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BERNARDO, JAMES V. Aviation in the Modern World. New York: E. P. Dutton
and Co., 1960.

BRYAN, LEeSLIE A. Fundamentals of Aviation and Space Techno'ogy. Urbana,
IIl.: Institute of Aviation, University of Illinois, 1966.

CAl0IN, MARTIN, Flying, New York: Holt, Rinehart, & Winston, 1963.

Dutt, CHARLES E., METCALFE, H. CLARK, and Brooks, WiLLIAM O. Modern
Physics. New York: Henry Holt and Company, 1955.

Federal Aviation Administration. Facts of Flight. Washington: U.S. Govern-
ment Printing Office, n. d. (FAA 00-4)

History of Flight. n.p.: American Heritage Publishing Co., Inc., 1962.

HorLAND, RAY, JR. The Physical Nature of Flight. New York: W. W. Norton
& Company, 1951.

LEWELLEN, JouN, and SHAPIRO, IRWIN. The Story of Flight. New York: Golden
Press, 1959,

SUTTON, GRAHAM. Mastery of the Air. New York: Basic Books Inc., 1966.

TowER, MERRILL E. Basic Aeronautics. Fallbrook, Cal.: Aero Publishers, Inc.,
1952.

VAN DEVENTER, C. N. An Introduction to General Aeronautics. Chicago:
American Technical Society, 1965.

VAN SICKLE, MAJ. GEN. NEIL D. Modern Airmanship. 3rd ed. D. Van Nostrand
Co., Inc., 1966.
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Chapter 2 v

o

Properties of the

Atmosphere

THIS CHAPTER presents the atmosphere as an important foctor in
flight. You will read about definitions of the atmosphere. You will
also read about the compositian of the atmosphere. You will finally
examine several physicol praperties of the atmosphere. After you
hove studied this chapter, you should be able to do the following:
(1) define the meaning of atmasphere and identify some character-
isties of its layers; and (2) explain certain physical properties of
the atmosphere.

IT‘S HARD to know where to begin a discussion of aeronautics.
We began this unit by tracing the history of man’s attempts to
fly and then discussing some of the laws governing aircraft in flight.
In your own reading, you may cncounter books which begin with
the nature of the atmosphere, the air around us. Certainly the at-
mosphere and its characteristics arc as important as the laws which
describe aircraft in flight, if we have to give factors relative im-
portance. Actually, the interaction of many things and many prin-
ciples is really what makes flight possible. Let's now look at the
atmosphere as onc of the “things.”

THE ATMOSPHERE: WHAT IS IT?

The atmosphere has been defined as “the envelope of air that
surrounds the carth.” But this definition raises certain questions.
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How high up does this “envelope” go? What is air made of? There
are, of course, a host of other questions. Another definition de-
scribes the atmosphere as “the layer of gases surrounding the earth.”
This definition is too general for our purposes.

The United States Air Force Dictionary gives this lengthy and
comprehensive definition: the atmosphere is “the body of air which
surrounds the earth . . . . The atmosphere is usually considered to
consist of different layers, shells, or spheres. From onc standpoint
these are the troposphere, the stratosphere, and the ionosphere;
from another, the lower atmosphere. the middle atmosphere. and
the upper atmospherc. But these same spheres, or other spheres
differently conceived, may have certain characteristics that result
in other names being applied to them, as those of the chemosphere,
the isothermal region, the ozonosphere, the cxosphere, the eso-
sphere, the physiological atmosphere, the mesosphere, and the ther-
mosphere.” Quite a mouthful, to describe what we see around us
every day.

We really should notice, though, that all of thesc definitions in-
clude the term “air” or “gas.” The USAF Dictionary defines “air”
as “the mixture of gases in the atmosphere.” Arc we going in cir-
cles? Let’s see.

Air is a mixture, composed of several substances. You probably
already know what they are. but let’s review them here. Nitrogen
accounts for 78.09 percent of air; oxygen accounts for 20.93 per-
cent of it. The oxygen and nitrogen in the air, then, make up over
99 percent of its composition. The remainder is composed of
argon, carbon dioxide. neon. helium. krypton. hydrogen. xenon.
and ozone—all in extremely minutc quantities. Air also contains
varying amounts of water vapor, smioke, and dust particles, depend-
ing on where you are and how dense the smog is! The water vapor
present in the atmosphere takes on varying forms, depending upon
rclated temperatures of the particular portion of the atmosphere it
is in. And it is this water vapor, combined with the circulation of
air and the action of the sun, that causes most of our weather.
You have already examined the how and why of weather in Acro-
space Education I; our purpose here is to examine the structure,
composition, and properties of the atmosphere as these factors af-
fect how and why aircraft fly.
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PROPERTIES OF THE ATMOSPHERE

COMPOSITION OF THE ATMOSPHERE

The USAF Dictionary dcfinition of the atmosphere pointed out
that the atmosphere is usually divided into various zones or layers.
These layers, of course, are really spheres, becausc they surround
the earth cqually on all sides. The composition of the mixture we
call the atmosphere varies from layer to layer. What are these
layers?

The troposphere is the lowest layer of the atmosphere. This
layer is only about 5 or 10 miles thick. Even the top of Mount
Everest is well within the upper limits of the troposphere. The
main source of heat in this region of the atmosphere is the sun-
warmed carth, which heats the troposphere from below. Most air-
craft flight takes place in this zone of the atmosphere. Even though
we said that it is only about 5 or 10 miles thick, you must remember
that 5 or 10 miles represents a height of 26,000 feet to about
52,000 fect—and this is quite high for conventional and jet aircraft
to fly.

Spacccraft pass quickly through the troposphere in coaring to the
far reaches of outer space. Since the troposphere contains over 80
percent of the air molecules, these spacecraft encounter the greatest
amount of air resistance in this zone. Similarly, both propeller-
driven and jet aircraft constantly encounter this large percentage of
air molecules in flying in the troposphere. The effect of this resist-
ance on an aircraft is called drag, as we mentioned in the last
chapter.

The tropopause is a narrow boruer zone directly above the tropo-
sphere. This zone contains the jet stream, a high-speed, globe-
circling wind. The usual spced of this stream of wind is 100-30C
miles per hour, but windspeeds as high as 450 miles per hour have
been recorded.

The next layer or zone of the atmosphere is called the strato-
sphere. This zone extends from about 52,000 feet to about 264,000
feet (approximately 10-55 miles) above the earth’s surface. This
portion of the atmosphere has a fairly constant frigid temperature, in
its lower sections. The relatively small increase in temperature with
height in this region, reported by weather observation instruments,
has been attributed to the presence of ozone, a heat-retaining form
of oxygen. The air is “thinner” in this region of the atmosphere,
and aircraft thus encounter less resistance from the air.
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The upper atmosphere, often called the ionosphere, contains very
few particles of air. The distance between these atmospheric parti-
cles may vary from several feet to several miles. The individual gas
particles break down into the electrical charges from which they are
made. This breakdown gives the region its name (ion-osphere).
These ions form a blanket hundreds of miles thick. It is in this
region that we sce such clectrical manifestations as the Northern
Lights (Aurora Borealis).

These layers, taken together, compose the atmosphere. The layer
which will concern us most is the troposphere, because most air-
craft fly within this zone. When we speak of atmosphere, then, we
are normally referring to the troposphere.

PHYSICAL PROPERTIES OF THE ATMOSPHERE

We have pointed out that the atmosphere is not uniform, that it
is composed of several layers of varying composition. Since aircraft
fly primarily within the troposphere, we will concentrate on this
Towest level of the atmosphere. But manv of the general points
about the atmosphere arc valid for all levels. See Figure S.

For example, the air resting on the open book now before you
weighs more than half a ton! This air is in a column, extending
for about 200 miles straight up from where you are sitting through
all the layers of the atmosphere. This great weight of air, however,
crushes neither you nor your book. Imagine what would happen
if a half-ton weight pressed directly down on you. You certainly
would be crushed. This does not happen with air, however. Air
is relatively uniformly distributed throughout the lowest portion of
the troposphere, so we are, in effect, in the middle of the air,
rather than at the bottom of it. We also have air within our bodies,
and this air also keeps us from being crushed.

What principles of matter lic behind these observable character-
istics? Here they are: Air is matter; air has weight; air is fluid;
air is compressible; air exerts pressure. Let's look at these charac-
teristics one at a time.

Air is matter. How is matter defined? Matter is anything that
has weight and occupies space. Since this definition simply staces
two of the other characteristics of matter, let’s look at them.

Air has weight. We’ve already mentioned this. The vertical col-
umn of air extending upward from the earth weighs a great deal.
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Air occupics space. We all know that a vacuum is the absence of
air; we all also know that various suction devices we see around us
work on the vacuum principle.

Air is a fluid. Now we're getting somewhere. Fluids are sub-
stances which may be made to change shape or to flow by applying
pressure to them. Both gases and liquids are called fluids, because
both substances behave similarly under certain conditions. But
even though they share several common characteristics, certain
characteristics arc true of gases alone. For example, gases may be
compressed, while for practical purposes, liquids are imcompressible.
This brings us to our next characteristics.

Air is compressible. What does this mean? It means simply that
a given quantity of air may be made to occupy practically any
amount of space. A given number of molecules of air may be
forced into a space smaller than the space they normally occupy.

Air cxerts pressure. Let’s take our quantity of air which we’ve
forced into a smaller container. We've had to cxpend a force on
this air to get it into the smaller container. The air, in turn, exerts
a forcc upon the walls of the container. This force is called pres-
sure, and the air is said to exert pressure. If ihe air is pumped out
of a closed container, creating a partial vacuum, the air molecules
on the outside of the container exert a force on the walls of the
container equal to the potential energy lost when the contained air
molecules werc removed. This external pressurc may well crush the
container, if it is not sturdily made.

Pressure is defined as “force per unit area.,” Force is measured
in pounds, and area may be measured in any desired units. Air
pressure is usually measured in pounds (of air pressure) per square
inch (of surface area). The seventeenth century Italian physicist
Torricelli performed an experiment which led to an easy way to
measure air pressure. You are probably familiar with his experi-
ment, but it does bear repeating here. See Figure 6. He filled a
glass tube about 36 inches long with liquid mercury. He then in-
verted this filled tube in an open dish containing more mercury.
When he removed his thumb from the bottom of the filled tube of
mercury, he found that it did not all flow out of the tube. About
30 inches of the tube remained filled with the mercury. What held
the mercury up in the tube?

Air, pressing on the mercury in the dish, maintained the level of
the mercury in the tube. Torricelli also observed that this level
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Figure 8. Torricelli’s Barometer.

fluctuated. It rose before a period of good weather, and it fell
beforc a period of stormy weather. He therefore concluded that
the pressure exerted by the air had something to do with the weather.
Today, we know that pressurc alone is not the entire answer to
predicting the weather, but we also realize the significance of Tor-
ricelli's discovery to an accurate understanding of what air is and
how it works.

The mercury in Torricelli’s tube weighed 0.491 pounds per cubic
inch. This mecans that ecach cubic inch will exert a pressure of
0.491 pounds per square inch in all directions. The column of
mercury in the 30 inch tube, then, will exert a pressure of 0.491
pounds per square inch times 30 inches, which is 14.73 pounds per
square inch. Standard pressurc is usually defined as the pressure
necessary to raisc a column of mercury to a height of 29.92 inches.
This standard pressure, then, may be conveniently expressed as
14.7 pounds per squarc inch.

We should also makc one other point about air pressure here.
When air pressure is measured by means of a column of mercury,
the resulting pressure is called absolute pressure, because the mer-
cury column measures the pressure of the air relative to zero pres-
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surc. When you check the air pressure in your automobile tires
and get a reading of 30 pounds per square inch, on the other hand,
you are really comparing thc air pressure inside the tire with the
air pressure outside the tirc. For this reason, this sort of pressure
measurement is called relative pressure: you are making a reading
of pressurc relative to the existing outside air pressure. If you
wanted to compute the absolute pressure of the air inside the tire,
you would simply add the existing outside air pressure to the reading
on the tire gauge.

Let's turn now to another characteristic of air. Air has density.
What, exactly, does this mean? Density is defined as mass per
unit volume. Mass, we pointed out earlier, refers to the quantity
of matter in a given substance. When we combine all these terms,
we get this: density is the quantity of matter in a given substance
per unit of volume of that substance. The unit of mass used in this
country is the slug. The weight of the slug is determined by a
rather complicated formula involving Newton’s Second Law of Mo-
tion and the theory of acceleration. We dont have to go into this
explanation here; it’s enough to say that one slug would weigh
32.17 pounds. At sea level, a cubic foot of dry air weighs 0.0765
pounds; and this same cubic foot of air, then, has a mass density
of 0.002378 slugs.

This all boils down to saying that at sca level, the bottom of the
column of air over the earth, a given cubic foot of air will weigh
0.0765 pounds and will have a mass density of 0.002378 slugs.
However, at any location above sea level, the weight and density of
a given cubic foot of air will change. Imagine a pile of bricks 100
feet high. The brick on the bottom has the weight of all the other
99 bricks pressing on it. This means that it will have a greater
amount of pressurc on it than will the brick on the top. So far, so
good—the column of bricks is like the column of air in the atmo-
sphere.

But each brick has the same mass—there is the same amount of
matter in the bottom brick as in the top brick. The column of air,
though, is different. A cubic foot of air at the bottom of the atmo-
sphere simply has more molecules in it than a cubic foot of air at the
top of the atmosphere. To describe this, we say that the air at the
bottom of the atmosphere has a greater density then the air at the
top of the atmosphere. Figure 7 sums this up in chart form.
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Each intermediate step, between the bottom and the top of the

; atmosphere, has a gradually lessening number of molecules of air—

: and so we can say that density decreases as height increases. This
simply means that the higher you go, the less air there is. This fact is
of great significance to pilots, as we will explain a bit further on.

Another characteristic of air is its ability to hold varying amounts
of water vapor. When we listed the components of air earlier in this

; chapter, we said that air contains varying amounts of water vapor.

Let’s look at this water vapor now, examine what it does to the at-

i mosphere, and evaluate its effect on aircraft flight.

‘ Which weighs more?—a cubic foot of air or a cubic foot of
water? Naturally, the cubic foot of water is much, much heavier
than the cubic foot of air. Does it follow, then, that adding water
to the air, in the form of water vapor, should make the air much

: lieavier? Oddly enough, adding water vapor to the air makes the

; air less dense and, consequently, lighter in weight. Let's see how

this works.
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Water vapor is water in a gaseous state. Its density is 0.001476
slugs per cubic foot. Air, you will remember, has a density of
0.002378 slugs per cubic foot. The water vapor, then, will weigh
only about five-eighths as much as a similar amount of air. When a
given amount of this water vapor is mixed with air, it displaces a
similar quantity of the heavier air. Hence, the same quantity of air
with water vapor mixed with it is less dense then dry air and there-
fore weighs less. It’s ironic that on a hot, humid, muggy day we say
that the air feels oppressive and heavy, because the air really is
lighter. Probably you would run into some trouble convincing people
that the air really is lighter, because it “feels” heavy. It “feels”
heavy, of course, because perspiration, a cooling process, is not as
efficient when water vapor is already present in the air. But this
takes us to the realm of weather, covered in last year’s work.

Let’s move on to another characteristic of air which is important
to both weather and aircraft flight—temperature. We have already
mentioned that the temperature of the atmosphere varies with height.
Certain levels of the atmosphere have much lower and more con-
stant temperatures than the troposphere, the lowest level of the atmo-
sphere. For the moment, then, let us concern ourselves with a dis-
cussion of the relationship between temperature and pressure within
the troposphere.

Increasing the temperature of air decreases its density. Decreasing
the temperature of air raises its density, as you might expect. The
pressure on the air has to remain constant during these changes in
temperature for the density to be affected in this way. What this
really means is that there is less air when the temperature is high.

Let’s try to sum up what we’ve said about the air and its character-
istics.

The atmosphere is composed of several levels of mixed gases.
The troposphere is the lowest of these levels.

Air, a name conveniently used for atmosphere, has several im-
portant physical characteristics: it is matter; it is a fluid; it is com-
pressible; it exerts pressure; it can hold varying amounts of water
vapor; and it is affected by changes in temperature.

All of these properties of the air around us will take on impor-
tance in your understanding of why planes fly. In order to under-
stand the airfoil and its role in flight, our next major topic, you'll be
relying both on your knowledge of the atmosphere and on your
knowledge of the physical principles sketched out in our first chapter.
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REVIEW QUESTIONS

1. What js the atmosphere?

2. What are the layers of the atmosphere?

3. What are some of the physical characteristics of the atmosphere?

4. Who was Torricelli? What did he discover? How is his discovery useful
today?

5. How do we know that air exerts pressure?

6. How does a column of air 100 feet high differ from a column of bricks
100 feet high?
7. Which is denser, dry air or moist air? Which weighs more? Explain.

8. What happens to air when it is heated?

THINGS TO DO

This chapter, like the first chapter, deals with basic physical laws. The
first chapter discussed forces and laws of physics; this chapter discusses defi-
nitions and characteristics of the atmosphere. You can follow the progress
of our national space program as we learn more and more about the higher
levels of the atmosphere. You can also perform any number of experiments
about air listed in your general sciznce or physics book.

SUGGESTIONS FOR FURTHER READING

Aviation Education Research Group. Science of Pre-Flight Aeronautics for
High Schools. New York: The Macmillan Company, 1942,

BERNARDO, JAMES V. Aviation in the Modern World. New York: E. P. Dutton
& Co., Inc., 1960.

SUTTON, GRAHAM. Mastery of the Air, New York: Basic Books, Inc., 1966.
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Chapter 5

Airfoils and Flight

:VTHIS CHAPTER is perhaps 'he “most cmical secﬂon af 'he entire .
bookle' h explains exactly why aircraff" an'fly First, you' wdl ’
" 'examine 'he “airfoil, . in, “order 1o learn'. its ‘parts _and 'its role’ in .
generaﬁng Iift Next, yau ‘will see; “how ‘Wind -and ‘wing mteract to
"-“produce lift. You will examine ‘the Venturi’ tube and see.. ‘how i,
"too, can: explaun the’ phenomenon of lift. Finally, you “will- examine g
*“several ways in- ‘which ‘Tift can’ be varied.'After ‘yoi:*have studied.

“this chapier, you' should - be- able 10" do- the: followmg ('I) discuss
i~ the..elements -of .an airfoil, emphasiznng the: rele’of -each part in..
' ;generanng Inft (2)-tell_how ‘an airfoil ‘generates lift;: @ ‘show. how
:'.Iift can.be varied ‘and explain ‘what -happens: ‘when it is varied :
- dnd (4)’ rela'e wha' you learned’ about. _physical". pnnciples ‘and the -
'/ atmosphere 'in 'he ﬂrst two ' chapiers 'o 'he concep' of Iiﬁ in 'hls .
: chap'er o : . , '

NOW WE are getting into the real meat of this complicated
business of aircraft flight. A balloon “flies” because the gas
inside it is lighter than air. A heavier-than-air aircraft must depend
upon something entirely different to sustain flight. “Heavier-than-air
aircraft fly because, through the application of power to the resist-
ance of air, airfoils create lift, and this lift sustains a given weight in
flight.” Remember that statement? We cited it back in the first
chapter, when we were discussing the physical laws that lie behind
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the science of flight. Since then, we have looked at some of the
physical properties of air that you must understand for you to begin
to see the total impact of this statement. Now let’s tie it all together.

AIRFOILS

The term “airfoil” will occur again and again in our discussion of
aircraft flight. We would do well to def