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Freface. .

7

WE OFTEN READ abput aircraft which do not fly, aircraft
which have accidents, but how often do we think about why
aircraft fly? And how often do we wondér about the nature
of this scienee of aircraft flight, how does the aircraft get off
the grourid in the first place, how does it stay in the air, how -
is it comtrolled in the air; how is it landed. . . . Many"
more “how” questions might be added: how is a plane put
together; how does one man control a complex modern
aircraft. . . . apd on and on. _ . .
This unit, Theory of Aircraft Flight, will provide answers
for some of these qﬁ&sti‘ons/about the complicated and
serious business of flying aircraft. Odd as it ay seem, the -
Wright brothers relied on wany of the same principles used
today when they built and flew théir first suscessful beavier-
than-air craft in 1903. Because today’s highspeed aircraft
use better propulsion systems, building materials, and
designs from those of the early pioneers of aviation, they
can fly much higher, farther, and faster than ‘those. early
“iron birdsX’ However, cértain principles of flight are com-

" mon to all aircraft, old and new- <.
In one sense, the hiﬁfmtion is the history of

civilization. It has been said that advances in transportatiop
have paralleled advances in degree of civilizatiop. For the
history of flight, this statement is certainly true. The pur-
pose of this unit, however, is not to give you a history of
aviation; rather, its purpose is to explain what enables man
to fly. To do this it will be necessary to discuss some histori-

cal developmepts which have made flying an accepted
means of trarf§portation. .,
You will also learn about the air around you and what

its properties are. We'll then ‘move on to examine the’
balance of forces which hold an aireraft in the air.and how
, an aircraft moves through the air. Next, we’ll look at

~u * . "\




'{ aircraft gtructure. the/basm components of an aircraft; the
hows and Whys of aircraft design; and the stresses that geeyr
on the airframe. . ‘

. Finally, we'll examine ajrcraft instruments: what they
are; what types there are; and, basmally, how. they work. It
séems wiser to present.an overall yiew of the aircraft and,
how it works before. we examine the instruments which the
pilot uses to tel} how his aircraft is performmg In addition,
the booklets on propulsnon systems and navigation will dis-
 cyss eertain instruments.in more depth than: this brief over-
all treatment allows. . - .

We might mention here that several wrlters on the sub-
ject of aerodynamics point “out thaf “theory of ﬂlght” is
.» ~ something‘of a misnomer; human. flight is fact. We know
that an aitcraft can fly, we know that the atmospkéte has
certain properties. Wh’y, then, do we call it a theory? The
“theory" involved is the tying together of all th&se knowh
facts into an explamable package.,
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Chapter ]. |

Aerodynamic
Forces

. THIS CHAPTER places man's attempts to fly in historical

> perspactive. First, you will briefly review man's early attemptsto

fly. Then, you wilf examing the physical faws which underlie

flight, particularty Newlon's Laws of Motion and Bernoulli's Prin-

ciple. Finally, you will look at an alrcraft in flight and'examine the

' balance of forces which keeps it thers, After you have studied

thiy chapter, You shiouid be able to: (1) outline the steps that led

to “successful coptrolied, powsrad, heavier-than-air aircraft

fiight:” (2) show how the Wright Brothers applied Newton's Laws

- of Matidn and Bernoulll's Pririciple to thelr aircraft, and (3) ex-

* plainwhy the forces of Iit, welght, thrust, and drag are essentlal
 tdsucgesstul filght, » - T .o, -

.

S o

k -
W ITH A ROAR and then a fteady hum, your flrght takes off. The
“Fasten Seat Belts” sign gobs off, and you relax, secure in the
knowiedge that your aircraft is being flown well and safely But then you
look out the window and see those big engines, representing hundreds
of hotsepower, propetling your aircraft through the air How do they
keep your plane in the air? Why doesn’t it fall out of the sky? How (and

maybe why) did you get up where you are 1n the first place”
Sit back, relax; and don't worry Something more than good luck 1s
keeping your aircraft in the air' In one sense, the last five or six hundred
years’ experience of mankind is holding up your plane. This chapter will

»
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THEORY OF AIRCRAFT FLIGHT

L)

take a brief ook at aspects of the last five centuries which have led to the
smodth and safe flight you're on night now The history of man’s at-
tempts to fly under his own power like the birds 15 an important aid to
understanding why man 1s now able to fly. A short review of man’s trials
and errors 1n his attempts to fly may well remove somg of your own
misconceptions about the nature of fhght, certainly, 1t will show you
how'earlier man attempted to fly

MANS EARIY AFTEMPIN O RLY

Like so many other things, it all began with the Greeks You have
probably heard ot read about the legend of Daedalus and Icarus In
order to escape from the labyrinth of King Minos of Crete, Daedalus
made wittgs for himself and his son Icarus from feathers and a magic
wax Both esgaped from the labyrinth, but, so the legend goes, Icarus
flew too near the sun, and the sun melted his wings, causing him to
ptunge to his death in the sea. Like ail legends, this one probably has no
basis 1n fact, rather, 1t arose to explain something that man could ex-
plain no other way birds fly and man does pot Man fhad tried, but his
nature was such that he didn’t succeed.

Archimedes, meanwhile, was performing experiments with water, but
huis conclustons about the nature of water were also to affect pre-Chris-
tian man's notions of fight Archimedes’ experiments led him to this
conclusion a body will float 1f 1it1s ighter than a like measure of water,
but 1t will sink 1f 1t 15 heavier Extending this conclusion to one specific
case, he concluded thap if things hghter than water will float on the sca,
then things lighter thdr air wall float “on"" the atmosphere The problem,
of course, was simply to build an airship lighter than a like volume of
ar .
In this same pre-Christian peniod of history, thg Chinese hadsolved
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 aman Some of these man-beat-
ing kites were even used 1n battle for obsefvation Because the Chihese
and Grecks were unable to combine their knowledge, 1t was not until
much later that man- seriously directed his efforts to solving the
problems of flight ‘

Another major thinker on the problem of manned flight was the great
Leonardo da Vinai Da Vina designed both a parachute and an carly
form (a prototype) of the helicopter, as well as a manpowered of-
nithopter (a ftying machine which used the same principles as birds)
But he realized that a power source capable of flying the machine was
not available, and so many of his 1deas remained 1n notebook form until

. 19




AERODYNAMIC FORCES

Figure 1 Leonardo da Vinci s Parachute and Helicopter Designs -

f

quite recently A model of da Viner's helicopter recently built according
to his plans was reported to have been suceesstully flown. although
present-day helicopters, of course, far surpass da Vincr's wildest dreams
(see Fig 1)

Since heavier-than air craft seemed totally out of the question, man’s
attention next turned to the possibihity of highter-than-air craft;
specifically balloons Joseph and Etienne Montgolfier, eighteenth-cen-
tury Frenchmen, discdvered that smoke (which 1s really heated airy con-
tained 1n a silk bag rises, until, of course. the smoke cools off? Controll-
ing balloons in the air, however, proved a difficult task, and 1t was not
unti] the middle of the nineteenth century that man was able to control a
balloon with any great degree of success

The next major step 1n man's conquest of the sky came from simple

_ohservation of birds in flight Today, 1t perhaps scems a bit clemerjtary
to us that birds sometimes flap their wings and sometimes do .not,
hecause we understand that both the motion and the rigedity of birds
wings are tied 1n with their ability to fly But the ghding ability of birds
was tq provide the clue to the secret of flight

The Chinese and Japanese had realized that the ghding ability of
hirds could he 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
1600s But thts 15 not really flying, as we understand the term today—it
1s more like floating or soaring than flying

EY
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THEORY OF AIRCRAFT FLIGHT

In the early nineteenth centuty, the Englishman George Cayley cun
structed the first true model ghider. Cayley's wrnitings indicate that he
realized many of the prublems about human flight which later expen
menters would have to sulve Stability and steering were stll the primary

| difficulties man was encountering 1n the air

Later mineteenth-century experimenters laid the real fuundatiuns for

the Wnght brothers' 1903 fyght John Muntgumery, an American .
physics professor, reahzed that man must'understand hlm..mM
controllable ghder in order tu fly safely Otto Lilienthal, a Germa

perimenter, alsu began with ghders He recalized that an understanding »

of the glider was essential to an understanding of the true nature of
flight. By 1896, he built a powered biplane with muvable cuntrol sur-
faces (wingtips), but he was never to fly 1t because of an accident n one
of his ghders. Octave Chanute, an American engineer, finally designed
an easily controlled ghder which did not require an acrobat to fly it
Meanwhile, the internal combustion engine had emerged as the pn-
mary source of power for the twentieth century The exact history uf the
development uf the internal combustion engine is unclear, but it appears
that Charles Manly was une uf the first to build an-internal combustiun
engine for an arrcraft. The engine was installed 10 an aircraft built by
Samuel Langley Langley's big aircraft never actually flew, although a
reinforced reproductiun of this plane made in the early part uf the lwen
tieth century, was successfully flown '
Another aeronautical advance tuuk the form of the steerable airship
or dingible. The ngid or nonngid balluun, eventually of cylindrical
shape, was driven by internal combustiun engines mounted vn a cabin

Figure 2 Dumont Dingible and Zeppelin Figid Arship

ik




AERODYNAMIC FORCES

suspended below the craft. These highter-than-air craft vied with the
heavier-than-air machines4or superiority in the early part of this cen-
tury, but the advantages of greater maneuverability and speed of the
heavier airplanes greatly outweighed those of the dingibles (see Fig. 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 successful controlied,
powered, heavier-than-air aircraft flight. Nbuce all those terms, “con-
trolled,” “powered,” and ‘“‘heavier-than-air.” When we think of
pioneers 1n aviation today, 100 often we tend to think that 1t al] began
with Orville and Wilbur Wright. This simply 1s not so. The Wrights
studied all the available material on ghders, arrships, contrgl 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 1n order to
make their plane fly? They had to know the same basic things you will
have to know in ordef to understand haw and why an airplane flies.
They did not understand the principles of flight 1n quite the same terms
that we will use, but where they did not understand, they experimented.

How can an aircraft fly? Stated orfe way, heavier-than-air aircraft fly
when the application of power creates thrust greater than drag (the
resistance of the air), enabling airfoils to Iift and support a given weight
in flight That's the whole story in a nutshell. Now let's try to explam
Wwhat this really means Aerodynamics includes physical laws which have
a scientific bass in fact So, we would do well to examine a few of these
basic physical laws Sir Isaac Newton (1642-1727) formulated three im-
portant basic physical, laws. An understanding of his laws of totion 1s
essential to an understanding of aircraft flight

‘o NEWTON'S LAWS OF MOTION

Newton based his laws of motion largely on observation and experi-
meatation Like all theoretical laws, Newton's laws were originally
based updn 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). It1s interesting to note,
however, that Newton's laws are substantiated by the fact that arrcraft do
fly Although you have studied Newton's Laws in earher texts, they are
so important to understanding flight that we should review them before
going on. . oS

“A body continues 1n 1ts state of rest or uniform motion in a straight
line unless an unbalanped force aclg ont. " This 1s Newton's First Law
of Motion. Stated more simply, it becomes A body at rest tends to re-




THEORY OF AIRCRAFT FLIGHT

main at rest, and a body 1n motion tends to remain In motion, unless an
outside force acts on the body This law 1s sumetimes called the Law of
Inertia. This is how 1t works. '

Imagine that you are standing up 1n a crowded train  The train 1s
mowving forward at about 50 miles per hour when the engineer suddenly
apphes the brakes. What happens to you” Unless you can grab onto a
seat quickly, you'll contintie to move forward, even though the train has
stopped. You are expeencing Newton's First Law of Motion You are
the body 1n motion, a:Xs\koou tend to remain 11 motion The train,
too, 1s a body 1n motioh, But an unbalanced force (the force of the
brakes) acts on‘the train to stop 1t.

“The acceleration of a body 1s directly proportional to the force ex-
erted on the body, 1s inversely proportional to the mass of the body, and
is in the same direction as the force ™ That involved statement is
Newton's Second Law of Motion. It says three basic things (1) When
‘you hit something, 1t picks up speed, (2) The heavier the object is, the
+less rapidly 1t picks up speed, and (3) The object picks up speed and
continues to move in the same direction from which you hit it

Imagine, now, that the train you were taking (the one that slammed
on the brakes) was heading for the golf course. It's a beautiful spring
day, and you place your golf ball onto the tee You go into your back-
swing, your club stops at the 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 shot, '
gtraight down the middle of the fairway. )

+* You've just demonstrated Newton's first two laws of motion How?
You hit the ball tapplied an outside force), making it move (overcbming
1ts nertia). You caused it to pick up speed (accelerate) Since the golf
ball 1s relatively hight, 1t picks up speed rapidly. Finally, since your'shot
was straight, 1t accelerated in the same direction as the force

-~

“Whenever one body exerts a force upon a second body, the second
, exerts an equal and opposite force upon the first body ™ This 1s
Newton’s Third Law of Motion. Stated anuther way “For every action

- there must be an equal and opposite reaction ™

Let's go back to vur golf game and sce 1f we can see how this law
works When you struck the ball with your club, you performed an ac-
tion What was the reaction” The golf ball reacted against the club, and

» this reaction was transferred up the shaft to the club to your hand Then,
it went on up your arm to your shoulder, and you “felt” the eonnection |
between ball and club

These three laws, then, are important to the student who wants to
undetstand why planes fly You should also be familiar with' some terms
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AERODYNAMIC FORCES

used 1n connection with these jaws. You will encounter these terms in
your study of acrodynamics. It is a good idea, then, to understand them

from the start.
' NEWTON'S LAW oionorq

. Abody at rest tends to ramain at rest, and a bodyam 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.

IIl. For every action there must be an equal and opposite reac-
tion

N N

ACCELERATION, VELOCITY, FORCE, AND MASS

In our discussion of Newton's Second Law of Motion, we mentioned
the term acceleration. WHR, exactly, is acceleration? We hear the term
all the time: cars accelerate from 0-60 miles per hour in x number of
seconds: aircraft accelerate from oge speed to another; and so forth. A
formal definition of acceleration states. Acceleration is the change in
velocity per unit of time. Acceleration, then, represents a change But a
change in what? A change in velocity. What, then, is velocity Velocity
18, simply, rate of motich in a given direction. In othier words, accelera-
tion 1s change of rate of motion in a given direction per unit of time
Remember this definition. you will be using.it later in this unit.

Let's take another look at Newton's Second Law of Motion. We've
defined acceleration and velocity, how about force and mass” Force can
be defined as power or energy exerted against a material body in a given
direction. Perhaps you had already learned that force has both mag-
nitude and direction. Mass is a little more difficult to explain Mass is
the quantity of material (matter) contained in a body, while weight
(which 1s often erroneously confused with mass) is really an expression
of the amount of gravity being exerted on a quantity of matter Let's

assume that planet “X" has' a gravitational force (“pull™) twice that of
carth. A person who weighed 150 pounds on earth would weigh 300
pounds on planet “X". The force of gravity on the moon is apptox-
imately one sixth that of earth. In the casc of the 150 pound person, he
would weigh 25 pounds on the moon. On the other hand, if the in-
dividual 1s placed 1n a weightless condition (no gravity), in effect, he

7
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would have no weight Although weight can vary, mass 1S constant
regardless of 1ts location or motion.,

Let’s substitute our new definttions of terms into the already lengthy
statement of Newton's Second Law of Motion and see what happens
The rate of change of motion of a body 1s directly proportional to the
power or energy exerted against tths body, 1s inversely proportional to
the quantity of matter 1n this body, and is in the same direction as the
power or encrgy exerted against this body Well, we've added some ad-
ditional words to our statement of this law of motion, and hopefully,
we've gained better understandintg of what these words mean.

These laws of motion will figure 1n a later-discussion of arrcraft fhight,
Another factor which 1s essential to this discussioh 1s called Bernoulli’s
Principle. . '

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

Bernoullr’'s Principle can be seen most easily through the use of a
Venturi tube (see Fig 3). The Venturi will be discussed again in the unit
oR propulsion systems, since a Ventiri is an extremely important part of
a carburetor. A Venturi tube 1s simply a tube which 1s narrower 1n the
middle- than it is at the ends. When tie fluid passing through the tube
reaches the narrow part, 1it speeds up. According to Bernoulli's Princi-
ple, it then should exert less pressure Let's see how this works

GREATER VELOCITY-LOWER PRESSURE

N |
"'*‘K

Figure 3 How a Venturi{Tube Works Note how the outside air pressure {orces the

mercury up the centey tube bacause the pressure in the throat 18 reduced

“R
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As the fluid passes over the central part of the tube, shown 1n Figure

3. more energy is used up as the molecules accelerate. This leaves less
energy 1o exert pressure, and the pressure thus decreases. One way 10
describe this decrease in pressure 15 t0 call 1t a differential pressure.
This simply means that the pressure at one point 1s different from the
pressure at anether pont. For this reason, the principle is sometimes
called Bernoulli's'Law of Pressure Differential. o
We'll be relying on Bernoulli pretty heavilyina later chaptey Forthe
moment, though, let's imagine that we have our plane 1n th aif_We
asked you in the preface to this booklet what held 1t there? It
" to yourthat we haven't gotten very far in"answering this questieg, but

we're.on our way.

THE FORCES OF FLIGHTY

Our plane is 1n the air, and four forces in balance with on¢ another

hold it there. These four forcew are lift, weight, thrust, and drag. As you

can see from Figure 4 these forces operate 1n pairs: thrust and drag: lift |
and'weight. We will discuss 1ft and how it works in a later chapter. and

you know already that weight is a measure of gravity, which is the
attraction of the earth-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 g0.

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 pro-

”
Full Tt Provided by ERIC.
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duces the thrust Drag, on the other hand; is the force which js opposed
to thrust. It opposes the forward motion of the aircraft. It 1s caused,
basically, -by the resistance of the air to the aircraft passing through it.
Ofthand, you may think of two of these forces—lift and thrust—as being
helpful to flight, and the other two—weight and drag—as being harmful.

to*control it. Jf there were no drag to counteract thrust, the aircraft
would go faster and faster, and, again, the pilot would not be able to
conirol it. When weight and lift are equal, the aircraft fljes level, neither
climbing or descending. When thrust and drag are equal, the aircraft ’
flies at a constant rate of speed, neither accelerating nor decelerating,

Newton's Second Law of Motion provides the explanation here; “For |
every action there must be an

and opposite to weight and t
Q Therefore, each of these

Weight, too, can bc an asset. It provides stability and control. Fuel
capacity and payload (generally, passenger or cargo), 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 helpful forces, must also be kept within the
himits of usefulness and safety. An aircraft can be designed with decreas-
ed drag, but'this decreased drag may also decrease lift. It may also mean
that weight must be decreased, as well, so that the pléhe can get off the

We will be coming back to these basic four-forces of flight in Jater \
chapters It is important here that you sce that they are inbalance with - ’
onc aRother when an aircraft is in straight and level, unaccelcrated
flight. Remember, when we say “straight and level,” we are referring to
the aircraft's path through the air. . R

To sum up- Man's early attempts to fly were unsuccessful because he
did not uriderstand the nature of what he was trying to do. As man’s ob- - ’
© servations became more refined, his understanding increased. Scientific
€xperimentation tok the place of wishful thinking, and man finally was
able to soar, wobbly at first, but with increasing confidence. Man's suc-
cess in the air can be explained by describing certain forces which hold * ‘
his airtraft aloft, but the enure story 15 somewhat more complicated.




AERODYNAMIC FORCES *
The remaining chapters in this unit will cover other aspects of aircraft in

fligh y . {
WORDS AND PHRASES TO REMEMBER "
Newton's First Law Bernoulli’s Principle
Newton's Second Law - Venturi tube '
Newton's Third Law - . differential pressure
acceleration weight .
velocity : thrust S ¢
force . . / drag ‘s ‘
mass - .
: THINGS JO o

a

1. This chaptcr deals with basic prinaiples of physics Tatk with your physics teacher
about experiments you mught do to demontstrate Newton's Laws of Motion

2. Fasten an clectric fan to ruller skates and turn it un. (Have sumeone stand near the
plug so you can stop 1t). Explain why the contraption werked the way it did

3. Find examples of early asrctafl that did nut fly Explainto the clm why thcy couldn’t
fly and the acrodynamic. prmc:pls mvolvad N

! ¢

SUGGESTIONS FOR FUTURE READING

BenkEeRT, Joserr W. Introductiun tu‘Awalwn Science. Englewood Cliffs, New Jerscy Prcn
tice-Hall, Inc, 1971,

CAIDIN. MARTIN Flymg New York. Halt, Rmchan & Winston, 1963

Cessna Asrcraft Company. The Flyiig Machine. First Gausin to the Bird Wnch:u Kanss,s

# Cessna Aircraft Company, n d.

Guoss-SMiTH, Chiarves H. The Invention of the Aemplanc I799—1909 Ncw York
Taplinger Publishing Co Inc., 1965, “

History of Flight New York American Herjtage Publishing Co., lnc 1962

Josepry. ALvinM R (ed). The History of Flight. New gork American Hcmagc Publ‘lsh
ing Company, Inc., 1962. .,

LoeNiNG. GROVER Takeoff Into Greamess New York\ G. P_Putnam’s Son;, 1968.

Stover. H ngono and J/mr.sl HAGERTY Flight Ncw York .Time Incorporated.

1965. :

VAN Sickie. MAJOR GENERAL. Nm D Modemn Ammnshm 3rd od. Princeton, New

Jersey D Van Nostrand C.‘o. Inc, 1966
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xREVlEW QUESTIONS . | :
1. Man s early allempls to ny began wllh the: !
. a. Greeks .
b. Germans S .

¢. Americany

d. All of the above .
2. The Daedalus and Icarus legend cxplains somiething that man cpuld ¢xplaln’no
’olher way. What Was this? : 3

e
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3. ____ lis credited with design of the parachute and #n early form of the
heHCOp!er

4. "Joseph and Etienne Montgolfier discovered |lm coptained in a sifk ,
dag, rises until it cools off. y ’ 1

and

5. Duxing Gcorge Cayley’s time wlere the primary difficulties man

wase coumeringlnlhe'alr.

* ¢

. 6 Nnme two experimenters who worked with gliders in the 19th century nnd laid
1 focndallon for tbe Wright Brothers 1903 flight.

7. Charles Manley is credited with: s .
a. Bullding the first powered n.s o
b. Being one of the first to buil tnlenul combustion engine for an aircraft. .
c. Bulldlng & powered biphne with movable control surfaces. »
- d._None of the above. 4

8. What are tbree ndvnn!a;es heavier-than-air craft have gver lighter-than-air
- ° craft? .
9 Trie or False. Heavier-than-air craft fly when power is applied to creats thrust
greater than drag, enabling airfoils to Hft and support a given weight in flight.
-
10. State Newton's three laws of motion in your own words. .

¢ 11. How much would & 180 pound man weigh on the moon?

12. Deﬂne veloclty
. ‘7 4

13. Why is |l|ere less préssure at the smlllel’gart ofl Vcn!url |ube"

-

>

14, Trne ot False. The histdry of nﬂllion is not n'nportlm 1o avistars.

15, List or explain the 'fpur forces of mght.ln your own words.”

16 Tme or False. E'nch of the foﬂr forces of flight is bolh an asset and n'linbillly
’ 3
17, Troe or False. Man’s early attempts to fly were succcssfnl because he understood

she natury of ﬂying '
o .
~ '7 «
2
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T W E began this umt by tracing the history of man's attempts to fly
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in flight. Because itis whera flight takes place and it makes flight -
possible, you will read about definitions of the atmosphere and
about the compoeition of the atmosphere. You' will.also examine -
several physical properties of the atmosphere. After youhave -
sthidied this chapter, you should be able to: (1) describeithe at
mosphere and identify some of the features of its layers, and{d) -

axplain several physical properties of the atmosphere, © -
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and discussing some of the laws ‘governing aircraft in flight In
.. your own reading, you may encovnter books which begin with the
, hature of the atmosphere, the air around us. in this chapter we will
o review the characterrstics of the atmosphere which you stydied in carlier e
units. Certainly the atmosphere and its characteristics are as important
. as the laws which describe aircraft in flightt if we have to give factors
relauve importance. Actually, the interddion of many things and many
principleg 15 really what makes flight possible. Let's look at the at-
mosphere as on¢ of the things affecting flight.

'l

THIFATMOSPHERE: WHAT IS IT?

~

The atmosphgre has been defined as “the envelope of .air that sur-
rounds the carth.” But this definition raises certain questions. How hight

-~
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THEORY OF AIRCRAFT FLIGHT

up doelethis envelope go? What is aif madg“of? Thege are, of course,
many other questions. Another definition ibes the atmosphere as
“the-layer of gases surrounding the earth.” This defimyon is sull tqo
general for our purposes. e, o )
For a,very complete definition we could say the atmosphere s the
body of air which surrounds the earth. It js usually thought of as censist-
"ing of different layers, shells, or spheres. These layers aré sometimes
" called the troposphere, the stratosphere, and the 10nosphere, they are
¢+ sometimes called the lower atmosphere, the middle atmdsphere and the
* upper atmosphere. From a different viewpoint, these spheres may Qave
certain characteristics that make other names seem more logical such as ¢
the chemosphere, the isothermal region, the ozonosphere, the ex-
“sphere, the esophere, the physiological atmosphere, the mesosphere, |
and the thermosphere. Quite a mouthful, to describe whif we see around
us every-day. , K ’
We really shouid notice, though, that all of these definitions include
the term “air™ on*‘gas.” For our purposes,”let's define air as “the mnx-‘
ture.of Zases in the atmosphere.” Are we going in circles? Let's see.
Air is a mixtuge, composed of several substances. You probably al-
“teady know what they are, but let’s review them here. Nitrogen accounts
for 78.09 percent of air, oxygen accounts for 20.93 percent of it. The -
oxygen and nitrogen in the air, then, make up over 99 percent offits
composition. The remainder is composed of argon, carbon dioxrde,
neon, helium, krypten, hydrogen, xenon, and ozone—ail in extremely -
inute quantities. Air aiso contains varying amounts of water vapor,
smoke. and dust particles, depending 6n where you are and how dense
the smog is' The water vapor present in the atmosphere takes on varying
forms, depending uporr related temperatures of the particular portien of
the atmosphere it is in. And it is this water vapor, combined with the cir-
culation of air and the action of the sun, that cause$ most of our weather. .
You have already examined the how and why of weather 1n Aerospace ‘;:.‘s
Education I; our purpose here 1s to examine the ‘structure, composition, &
and properties of the atmosphere as these factors affect how and why
aircraft fly. *

A\ ¢

- -

. 4
COWPONLELON OF [HE VIVEOSPHERF / ;

Our, earlier definition of the atmospficre pointed out that the at- ,
mosphere 1s usually divided nto various zones or layers. These layers, .y
of course, are really spheres, because they surround the carth on all
sides The composition of the mixture we call the atmosphere vanies
from layer-to layer. What are these layers?

The troposphere 1s the lowest layer of the atmosphere and it ts onlv

'

”
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PROPERTIES OF THE ATMOSPHERE

about 5 to 10 mules thick. This layer extends upward from the g‘round,'
butit 1s not a perfect sphere, being Only about 26,000 feet thick (5
miles) at the poles. At the equator it.extends upward to about 52,000
feet (10 miles). All earthbound objects are well within the troposphere,
even Mt Bverest. It is in the troposphere that most aircraft fly As a
general rule, propeller-driven aircraft fly in the lower part of the tro-
posphere, while jets fly in the middle and upper portians.

Spacecraft pass quickly through the troposphere in sparing to the far
reaches of outer space. Since the tropasphere contains over 80 percent
of the air molecules, these spacecraft encounter the greatest amount of
air resistance n this zone. Similarly, both propeller-driven and jet
aircraft constantly encounter this large percentage of air molecules in
flying 1n the troposphere. The effect of this resistance on an aircraft is
called drag, as we nientioned in the last chapter.

The tropopause is the border between the troposphere and the
stratasphere. The jet stream, a high-speed, globe-circling wind, is lo-
cated at or near the tropopause. The usual speed of this stream of wind is
100,300 mules 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 stratospliere.
This zone extends ffom about 52,000 feet to about 264,000 feet (ap-
proximately 10-55 miles) above the earth's surface. This portion of the
atmasphere has a fairly constant frigid tem;;erature in jts lower sections
The relatively small change in temperature with height in this region,
reported by weather observation instruments, has been attributed to the
presence of ozone, a heat-refaining form of oxygen The a\r is “thinner”
in this region of the atmosphere, and aircraft thus dhcounter less,
resistance from the air. : .

The upper .atmosphere, vften called the ionosphere, contains very
few particles of air. The distance between these atmospheric particles
may vary from several feet to several miles. The individual § particles
break down into the electrical charges from which they are made This
breakdown grves the region its name ion-osphere). These iohs form a
blanket hundreds of miles thick. It is in this {cgion that we sec such
. electrical mamféstations as the Northern Lights (Aurora Borealis)

}‘hcse‘laycrs, taken together, comppse the atmosphere. The layer
which will cancern us mast is the troposphere, because most aircraft fly
within this zone. ,Whed we speak of atmousphete, then, we are normally

referring to, the tcoposphere. RO

T PR SION ]'li()l;Fk.fll»\ o LHE CMOSPHERE S
.« We have pointed put that the atmosphere is not uniform, that it is
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PROPERTIES OFerE ATMOSPHERE

composed of several layers of varying composition “Since aircraft fly
. primarily within the troposphere, we will concentrate on this* lowest
level of the atmosphere. But many of the general points about the al;
mosphere are valid for all levels (see Fig 5.). . ‘

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. Then why doesn’t the air crush us? Air i§
relauvely 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 1t. We also have air within our bodies, and this air also
keeps us from being crushed. :

What principles of matter lie behind these observable characteristics?
Here/they are:'Aur is matter, 4ir has weight, air is fluid, air 1s compressi-
ble: air exerts pressure. Let's look at these charactetistics one at a time,

Air s matter. How 1s matter defined? Matter is anything that has mass
and occupies space. Since this definition includes some of the other
characgeristics of matter, let's look at them. . v

AR has weight We've already fnentioned this. The vertical column of
air extending upward from the earth weighs a great deal

"Air occupies space. A vacuum Is the absence of air; varic_)us suction
devices we see around us work on the vacuum principle.

Arr is a flud. Now we're getting somewhere. Fluids are substances
which may be made to change shipe or to flow by applying pressure to
them. Both gases and hquids are called fluids, because both substances
behave similarly under. certain conditions. But even though they share
several common characteristics, certain characteristics are. true-of-gases
alone. For example, gases may be compressed, while for practical.pur-
poses, liquids are imcompressible. This brings us to our next charac-
teristic. p
. Aur 1s compressible. What docs this mean? It means simply that a
given quantity of air may be made to occupy differing amounts of space
A given number of molecules of air may be forced into a space smaller
than the space they normally occupy )

Air exerts pressure. Let’s take our quantity of air which we've forced
into a smaller container. We've had to expend a force on this air to get it
into the smaller container. The air, in turn, exerts a force upon the walls
of the tontainer. Ths force 15 called pressure, and the air 1s said to exert
pressure. If the airis pumped out of a ¢losed container, creating a partial
vacuum. the air molecules on the outside of the container exert a force

) 17 94y \ -
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Figure 6 Toncelil's Barometer
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on the walls of the container equal to the potential energy lost when the
contained air molecules were removed This external pressure may well
crush the contamner, if 1t 1s not sturdily made
Pressure 1s defined as force per umt area Force 1s measured in
pouhds, and arca may be measured in any desired units. Aur pressure 1s
usually measured 1n pounds (of air pressure) per square inch (of surface
area) The seventeenth century Italian physicist Torncell performed an
experiment which led to an casy way to measure air pressure You may
be famihiar with his experiment, but 1t bears repeating heré (see Fig 6).
He filléd a glass tube about 36 inches long with liquid mercury He then
* 1nverted thas filled tube 1n an open dish containing more mercury When
he removed his thumb from the bottom of the filled tube of mercury, he
found that 1t did not all flow out of the tube About 30 inches of the tube
remained filled with the mercury What held the mercury up 1n the tube?
Air, pressing on the mercury in the dish, maintained the level of the °
mercury in the tube Torricells also observed that this level fluctuated It
rase before a period of good weather: and ittell before a period of stormy
weather. He therefore concluded" that the pressure exerted by ‘the ayr
had something to do with the wcathcrpToday. we know that pressure
alone 1s not the entire answer to prcdsct%g the weather, but we also real-

’
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PROPERTIES OF THE ATMOSPHERE

ize the significance of Torncelli's disggvery to an accurate under-
standing of what air is and how it works }

The mercur; in Torncellr's tube weighed 0.491 pounds per cubic
inch. This means that each cubic inch will exert a pressure of 0.491
pounds per square inch 1n all directions. The cplumn of mercury in the
30 inch tube, then, will exert a pressure of Q.491 pounds per square inch
times 30 inches, which is 14.73 pounds per square inch. Standard
pressure 15 usually defined as the pressure necessary tu raise a culumn of

_mercury to a height of 29.92 inches. This standard pressure, then, may

be conveniently expressed as 14.7 pounds pef square inch.

We should also make 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, bscause the mercury column
measures the pressure of the air relative to zero pressure. When you
check the air pressure in your autumobile tires and get a reading of 30
pounds per square inch, on the other hand, you are really comparing the
air pressure inside the tire with the air pressure outside the tire. Fuﬂ?s
reason, this sort of pressure measurement is called relative pressule:
you are making a reading of pressure relative to the existing outside air
pressure If you wanted to compute the absolute pressure of the air in-
side 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 1s defined as mass per umit voldne

Mass, we pointed out.earher, refers to the quantity of m‘ér 1n a given
substance. When we combine all these terms, we get this "density s the
quantity of matter in a given substance per unit of voline of that substunce.
The unit of mass used in thts coyntry s the slug The weight of the slug 1s
determined by a rather complicated formula involving Newton's Secund
Law of Motion and the theory of acceleration. For our purposes it'¢
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 sea level, the bottom of the col-
umn of atr over the earth, a given cubic foot of air will weigh 0.0765
puunds and will have a mass density uf 0 002378 slugs. However, at any
location above sca level, the weight and density of a given cubic foot of
air will change (see Fig 7). Imagine a pile of bricks 100 feet high. The
brick on the buttom has the weight of all the other 99 bricks pressing on
it. This means that 1t will have-a greater amount of pressure on st than
will the brick on the top In this respect the column of bricks 1s like the
column of air in the atmosphere
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e THEORY OF AIRCRAFT FLIGHT '

Figure 7 Mressure-Density-Tempersture variations with changes i Altitude The Slug s a measure of Alr
Mass 1t 18 used in Horsepower Computations which are discussed in Propulsion Systems for Alrcraft

4

.

But each brick has the same mass—there is the same amount of mat
ter 1n the bottom brick as in’the top brick. The column of air, though, 1s
different. A cubic fout ofar at the bottom of the atmusphere simply has
more molecules 1n it than a cubic foot of air at the top of the at-
mosphere. To describe this, we say that the air at the bottom of the at
mosphere has a greater density then the air at the tup of the atmosphere

ERIC - .
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P PROPERTIES OF*THE ATMOSPHERA

Each intermediate step, between the bottom and the top of the at-
mosphere, has a gradually lessening number uf 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 sig-
nificance to pilots, as we will explain a bit further on.

Another charactenistic of air 1s 1ts ability to huld 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
louk at this water vapor nuw, examine what it does tu the atmospherg,
and evaluate its effect on aircraft flight.

Which weighs more?—a cubic foot of air or a cubic foot of water?
Naturally, the cubic fuut uf water 1s much, much heavier than the cubic
foot of arr. Does 1t follow, then, that adding water to the gir, in the form
of water vapor, should make the air much heavier” Oddly enoughy
adding water vapor tu the air makes the air less dense and, cunsequently,
lighter in weight. Let’s see how this works. '

Water vapor 1s water in a gaseous state. Its density 1s 0.001476 slugs
per cubicfoot. Air, you will rememRer has a density uf 0 002378 slugs
per\cublc foot. The water vapor, ther, will weigh unly about five-eighths
as much as a similar amount of air. When a given amuunt of this water

vapor 15 mixed with air, it displaces a similar quantity of the heavier air.

Hence, the same quantty uf air with water vapor mixed with it 15 less
dense then dry air and therefore weighs less. It's ironic that on a hot,
humid, muggy day we say that the air feels oppressive and heavy,
because the air rcally 15 lighter. Probably you would run into some trou

ble convincing peuple that the air really 15 hghter, because it “feels”

heavy. It "feels™ heavy, of course, because pefspnrauon a cooling proc

ess, 1s fot as efficient when water vapor is alréady present in the air. But
this takes us to the realm of\weather, covered in last year's work.

,Let's move gn to another characteristic of air which 1s important to
both weather and arcraft flight—temperature. We have already men
tioned that the «gmperature of the atmusphere varies with height Cer
tain levels uf the atmosphere have much lower and mute constant tem
peratures than the truposphere, the lowest level of the atmosphere For
the mument, theh, let us concern vurselves with a discussion of the rela
tionship between temperature and pressure within the truposphere

Increasing the temperature of air decreases its density Decreasing the
temperature of air raises its density. The pressure un the air has to re
main wnstant during these changes in temperature fur the dcnsnty tu be
affected in this way What this really means is that there 1s less air per
cubic foot when the temperature 1s high )
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THEORY OF AIRCRAFT FLIGHT

Let's try to sum up what we've said about the air and 1its charac- -
teristics. ' ’
+ @ The atmosphere is composed of several levels of mixed gases
® The troposhere is the lowest of these levels.
® Aur, aname conveniently used fur atmospher¢, has several important physncaﬂ
characteristics it 1s matter. itis a flud, it is compressible, 1t exerts pressure, it

can hold varying amounts uf water vapor, and it 1s affected by changes in tem-
perature -

" All of these properties of the air around us will take on importance in
your understanding of why planes fly. In urder to understand the airfoil
and uts role in flight, our next majot topic, you'll be relying both on your '
knowledge of the atmosphere and on your knowledge of the physical -
. prineiples sketched out in our first chapter. )

v

WORDS AND PHRASES TO REVIEMBFR

atmosphere : fluids *
air compressible
troposphere , pressixe

. tropopause absolute pressure
stratosphere relative pressure
ionosphere density

THINGS TO DO

I Review the Aeruspuce Environment textbouk Are there any imporntant properties of
the atmusphere which were not covered in this chapter™ Report 1o the class on your
findings ! ¢

2 Water. like air, 15 2 flud Experiment with different objects to see if they float
Measure the amount uf waler (fluid) they displace Cumpare the properties of air and
water ’ .

3 Askapilot tu explain why an aircraft requires a lunger runway for takeoff un hot days
or when the runway elevation 1s hugh. as (n Denver, Colorado

4 Discuss the properties of the atmosphere wath your chemisiry teacher Are there any .
experiments he ur she can suggest 19 demunstrate the compositiun ur properuies of the
atmosphere? ‘

SUGGESTIONS FOREUR THER READING * !

Federal Aviation Administration  Privute Prioi « Handbook of Acronautical Knowledge
Washington US Governmept Printing Office, 1965 (AC 61 23)

McKintey Javes L oand Ratr D Bent Basn Scence for Aergspace |ehictes 4th od
New York McGraw Hill Book Company 1972

MISENHEIMER TeD G Aerosuence Second Editton Los Angeles Aero Products
Research. Inc, 1973

OXENHORN JOSEPH M (Xcuncob Air And Waier New York Globe Book Company, 1969

SANDERSON  Autatton Fundamentuls Denver Colutado Sanderson Times-Mirtor, 1972
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PROPERTIES OF THE ATMOSPHERE

REVIEW QUEMIONS .
The body of air which surrounds the earth Is called the

The layers of the atmosphere are called the ~the , and the

.
v

Define air. v '

The most important ingredient in alr for sustaining human life is__'_ .
The layer of the atmosphere where most aircraft fly is catled the.____ . -

Whai is the name of the border zone between the stratosphere and the tro-
posphere? ' v

The stratosphere extends from appreximately to_ miles above
the earth’s surface. -

' )
The layer that contains very few particles of air is called the ____ or the

True or False. Air is matter and has weight. ¢

4
Alr:

2. exerts pressure .
b. is a fluid - .
c. is compressible *
d. all of the :bove‘

Define fluids.

“Force per unit area” defines

.

Why didn't 21l of the mercury flow out of Torriselli’s tube? How mach stayed?

True or False. When you check the air pressure in your tires you are measuring
the absolute pressure.

When you climb to higher altitude the air bedomes (morefless) dense.
Adding water vapor makes air (more,less) dense and (heavier,lighter) in weight.

If we keep pressure constant, decreasing the temperatyre of »ir (in-
creases/decreases) Its density.
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THIS CHAPTER is perhaps the most critical section of the entire
unit, it explaing exactly why aircratt can fly. First, you will ex-
! amine the sirfoil and leern its parts and its role in generating ift.
Next, you will see how airflow and wing fteract to produce fift. *
You wili examine the Venturi tube and see how i, 100, heips to ,
ewmﬁndu.youmnbpkatsmalmmmmhr
to: (1) discuss the parts of an airfolf and tell how each parthelps .
'+ to create fift; (2) differantiate between pressura differential and
+ Impact {ift; (3) show how Iift can be varied and explain what hap-
pens ss a rosult; and (4) relats the concept of ift to what you '

"~ learned in the first two chapters abowt physical principles and.
z( ﬁ‘w%m . ‘l::,::\ \7: u\ R ‘,:'”\\.»\”« AR "T‘.;»A f::". 3
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N OW we are getting into the real meat of this complicated business
of aircraft flight. A balloon “flies” because the gas inside 1t 15
“lighter than air. A heavier than-air aircraft must depend upon some-
thing entirely different to sustain fight. "*Heavier-than-air aircraft fly
because, through the applicatidn of power to the resistance of air, air-
foils create lift, and this lift sustains a given weight in fight.” Remember
thatstatement? We cited it back in the first chapter, when we were dis-
cussing the physica] laws that lie behind the science of flight. Since then,
we have looked at some of thephysical properties of air that you must
understand to begin to see the total impact of this statement. Now Jet's see
how these things tie together.




THEORY OF AIRCRAFT FLIGHT
AIRFOILS

The terni airfoil will occur again and again m our discussion of
arrcraft flight[An airfoil may be defined as any part of the aircraft that is
designed to produce lift. Although the wing 1s the primary airfoil on an
aircraft, other airfoils may be the propeller blades, the tail surfaces, or,
in some. cases the fuselage itself.

AIRFOIL DESIGN - . .

In this definition, we point out that an airfol 1s designed to produce
hft. Part of the Wright brothers” achievement was their realization that
the scientific study of how an airfuil (a wing) behaves in a moving stream
of air 1s essential to determining whether or not the airfoil will sustain
fight. They realized, in other words, that you have to experithent with a
wing first, before you build an entire atrcraft. This reahization, whxle not .
new, is just as important today as it was then. .

The Wrights' wmd tunnel was snmply atunnel with a large fan at one
end to blow air past a suspended section of wing. Mod_cg‘:‘wmd tunnels -
are much more complex, but they are made essentially the same way

It is important to note here that the air flowing past an arfoil sus-
pended in awind tunnel behaves in the same way as the air flowing over
an airfoil in flight. We'll discuss this wind flowing past an airfoil a little
later on, but remember that the air moving pdst the stationary airfoit 1s .
the same as the airfoil moving through the air. i P s

<
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AIRFGILS AND FLIGHT

An atrfoul hag a leadmg cdge, a trailing edge. a chord. and camber, as
shown 1n Figure 8. An undérstanding of these terms is essential to an
understanding of airfoil design, so we will discuss each term in-
dividually * -

) . ' Leading Edge

Thus 1s the “front™ of the aurfod, the portion that meets the air first.
The shape of the leading edge depends upoun the function of the airful
If the airfuil 1s designed to operate at high speed with 2 mimmum
amount of hft, its leading edge may be very sharp, as un most current
fighter arrcraft. If the airfuil 1s designed to produce a greater amount of
lift at a relatively low rate of speed, as in a Cessna 150 or a Cherokee
140, the leading edge may be thick and fat. Actually, the supersonic
fighter aircraft and the hight propeller-driven aircraft are virtually two
ends uf a spectrum. Most other aircraft lie between these two. The lead-
ing edges of their airfoils may have a compromise shape, designed tu
. provuide a moderate amourit of kift at relatively, high speeds. The A-7
Corsait 1s a good example. Bear ia mund, though, that the purpose of the
airfoil will determine the charactenstic shape of its leading fge

. > Trailing Edge )

.

The traiting edge.is the “back” of the arrfoil, the portion at which the
airflow over the upper surface joins the airflow over the lower surface.
The design of this portiun of the airfoil 1s just as important as the design
of the leading edge. Thus 1s because the air flowing over the upper and
lower surfaces of the airfoil must be directed to meet with as little tur
bulente as possible, regardless of the position of the airfuil in the air.

L}

[} Chord

The chord of an airfoi 1s an smaginary straight line drawn through
the arrfoil from 1its leading edge to ats trailing edge 'When you lovk at an
airforl . you can see 1ts leading edge and 1ts trailing edge, but you can’t
see 1ts chord, because this line is indgginary. If it1s an imaginary straight
line, why, then, is 1t important? It ishgportant to an understanding of
relative wind, our next major subject af®a, and 1t 1s important to an
understanding of our next definition, camber.

S,
Camber ,
The camber of an airfoul is the characteristic curve of its upper or
lower surface This charactenistic curve is measured by how much it
departs from the chord (a straight hine) of the airfoit A hugh-speed, low

hift airfoil, the type found on the F-4, has very httle camb¢TA& fow-

.
s

27



THEORY OF AIRCRAFT FLIGHT

speed, high-lift airfoil, like that on the Cessna 150, has a very pto-
nounced camber. . :

You may also encounter the terms upper camlﬁr and lower camber.
Upper camber gefers to the curve of the upper surface of the airfoil,
yhilc lower camber refers to the curve of the lower surface of the airfoul.

n the great majority of airfoils, upper and lower cambers differ from
one another. When the curve is away from the chord, the camber 15 said
to be positive When the curve is toward the chord, the camber 15 said to
be negative. ’ .

Once again we need to refer to Bernoulli's Principle. As the velocity
of a fluid increases, its pressure decreases. The camber of an airfoil
causes an increase in velocity and a consequent decrease in pressure of
the stréam of air moving over i But more on that later. p

RELATIVE WIND

Have you ever held your flattened hand out of the window of a mov-
ing automobile? When you held your hand level with the road, you were
#ble to hold your hand there with very little effort. Because the car had
to keep its’ wheels on the road, the air flowing over your hand always
paralleled the road. An lircraft, howevel, is not restricted to one fixed
plane of flight But similar to the case of the automobile, the air flows
patallel to the aircraft's path of flight. This flow of air is called the rela-

tive wind. The relative wind is created by the movement of the aircraft,

through the air, thus the flight path and relative wind are parallel, but
act in opposite directions (see Fig 9).

If thawvere the only factor, flying would be very simple. Let's get
back to your hand out of the moving car window. Picture your hand as
an airfoil with the chord line running from your fingertips to your wrist.
When you lowered or raised your fingers, your hand tried to chmb or
descend What you did, was to change the angle of attack. Had your

.

- .

[
P
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Figure9 The Relative Wind Is Always Parallel to the Fiight Path, But from the Opposite
Direction .
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AIRFOILS AND FLIGHT . .

Figure 10. Angle of attack and Relative Wind.

.

hand been an actual airfoil (you're the pilot), this change in angle of at-
tack would probably have changed the flight path, thereby changing the
direction of the relative wind (see Fig 10).

That’s what the term relative wind means. It is the wind which is
moving past the airfoil, and the direction of this wind is parallel to the
flight path and relative to the attitude or position of the airfgil. Who
controls the position of the airfoil? The pilot, of course, conscquently,
the pilot contrbls the direction of the relative wind. What controls the
velocity of the relative wind? The speed of the airfoil through the air, of
course. The pilot controls this too. .

ANGLE OF ATTACK

We mentioned the term angle of attack in our discussion of relative
wind. From the example of your hand out a car window, you may have
already decided that angle of attack is the angle at which relative wind
meets the airfoil. But my hand has an unusual shape, what part of the
airfoil forms the angle involved?

Here's where we use the chord of the airfoil, that imaginary linc we
drew from leadmg edge t trailing edge of the airfoil. To sharpen up uyr
definition, the angle ‘of attack is the angle formed by the chord of the
airfoil and the directjon of the relative wind or between the chord hine
and the flight path. The angle of att4ck is not a constant during a flight,
rather, it changes as the pilot changes the agtitudc of the aircraft. The

| B
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“ "’mna..»
U .

Figure 11 How a Ventur Tube Works. Nete how the outside air pressure forces the
mercury up the center tube because the pressure in the throat 1s reduced

angle of attack 1s vne of the factors which determines the aircraft's rate
of speed through the air. ‘

Don't confuse, angle of attack with angle of incidence. The angle of
incidence is the angle at which the wing s fixed to the aircraft’s fuselage,
or body. Strictly speaking, the angle of incidence is the angle formed by
¢+ our old friend the chord of the airfoil and the longitudinal axis of the

aircraft. This longitudinal axis of the aircraft is an ithagtnary line drawn

through the fuselage from the front of the aircraft to the rear df the
aircraft—but we'll have more on the axes of flight in a later section.

Right nuw, the important thing to remember is that angle of attack is the

angle formed between the chord of the wing and the relative wind, and

this has a great deal to do with lift, our next major subject.

Also do not confuse the aircraft atutude with angle of attack. At-
titude 1s normally considered to be the aircraft position in relation to
the horizon. A nosehigh attitude might mean the aircraft is climbing or
it could be flying “straight and level"” unaccelerating or it might even be
descending in this attitude. As we progress through our explanations of
lift, this will become more clear.

LT

*  Once again we need to review Bernoulli's Principle and how it ap-

. plies to hift. Let's begin with the diagram we showed you earlier of a
Ventun tube (Fig 11), which illustrates Bernoulli's Principle. As the
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AIRFOILS AND FLIGHT |

velocity of a fluid increases, its pressure decreases or to put it another .
way, as the velocity of a fluid increases past an object, the less sidewise
pressure the fluid exerts on the object.’ '

Imagine, now, that wé remove the upper part of the Venturi tube.
Figure 12 is what we gct

- v el e

e vy e g = s e s a———
=

Figure 12.

.

w Notice theiair flow, it continues to increase in velocity at the point of
the bulge, which is really the point of maximum camber. ‘Now, if we
bring the other part of the Venturi back but put it underneath, we get
Figure 13.

Figure 13

This looks suspiciously like the section of an airfoil, doesn’t it? Let's
Just‘!:hange a curve or two (we're actually adjusting the camber), Figure
14 is what we get:

Fugtire 14

The changing of the curve is really a redesigning of the camber ofthe
airfoil We've taken advantage of Bernoulli’s Principle, too. The

)
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. THEORY OF AIRCRAFT FLIGHT

pressure generated by the moving stream of air un the lower surface of
the airfoil is greater than the pressure generated by the moving stream of
air on the upper surface of the airfoil. What will happen? The airfoil will
be raised, or lifted, by this difference in pressure. This is lift. The airfoil
is literally lifted by the difference in pressure, or pressure differential,

between the upper and lower surfaces of the airfoil. This kind of lift 1s
called pressure-differential lift.

It may interest you to know, at this point, that lift can also be created
by an airfoil without any camber at all. This lift, however, is completely
different from the lift we have been talking about. It 1s caused by the
pressure of impact air against the lower surface of the airfoil.

A kite flyihg on a balmy spring day is an excellent example of an air-
foil without camber being sustained in flight by impact air against its
lower surface. Similar to the airfoil in the wind tunnel it makes no
difference to the kite whether it is moving forward through the air or the
air is moving past it. It simply goes on and hangs up there in the spring
sky. If you have flown a kite, however, you know there’s a difference.
You know that when the wind is light, you have to run your legs off at
times to get the kite airborne.

The same kind of lift also helps hold the aircraft in the air. Think
back to Newton’s Third Law of Motion. For every action, there is an
equal and opposite reaction. This law explains the second kind of lift,
impact lift, which helps sustain aircraft in flight. J

We've pointed out that air is a fluid. The passing of the airfoil
through the air is an action. We can expect, then, that the air will act upon
the wing. This is the reaction. The lower surface of the wing meets the
air at a slight angle (the angle of attack, which we've already covered).
The air flowing past the lower surface is deflected slightly. The wing ex-
erts a force on the air in order to do this—while the air, meanwhile, ex-
erts an equal and opposite force on the wing. This force of the air (the
reaction force) causes lift. The amount of lift generated by this action-
reaction process usually amounts to only about 15 percent of the total
lifting force necessary to sustain aircraft flight. However, it can create a
much greater percentage as was the case when you put your hand out the,
car window.

Adding impact lift to pressure differentigl lift gives us total lift.
Figure 15 will help us to visualize this. / .

Let's sum up. Think back to the gpening paragraph of this chapter.
Heavier than air aircraft fly because, through the application of ‘power
to the resistance of air, airfoils create lift, and this lift sustains a given
weight in flight. Remember that capsule statement? We've woncentrated
on how airfoils create lift in this section. How do airfoils create [ift?
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LIFT .
Figure 15 The Forces Making Up Total Lift

They make use of Bernoulli’s Principle and Newton's Third Law of Mo-
tion. Airforls move through the air, creating an interaction between air
and airfols. This interaction takes the form of a difference in pressure
between upper and lower surfacesof the airfoil, and the decreased
pressure on the upper surface of the airfol causes lift. Additional lift
comes from the force of the impact air on the arrfoil moving through the
air.

TIFT VARIABIES

Now we know how hift 1s generatgd. The next step 1s to tell you how
it 15 controlled. The pilot must haye at his disposal some way to con
trol the amount of lift which the airfoils generate. If he didn’t, the”
arrcraft would erther constantly stall or climb. Here are some of the
variables acting un the amount of hift generated. angle of attack, velocity
of relative wind (speed of the aircraft), air density, airfoil shape, wing
area, airfoil planforms, and high-lift devices. Let's look at these, one at a
ume.

Angle of Attack Again

v

Louking first at angle of attack, remember that 1t 1s the angle formed
by the chord of the airfuil arfd the directiun of the relative wind.
Rcmcmbcr that the angle of attack of an aircraft 1§, nut a constant dunng
" agiven flight, rather, it 1s one of the things over which the ptlot has con
trol and which he can change.
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Changing the angle of attack can change the amount of hift generated
as the airfoil moves through the air. Let's see how this works.

Airflow over an girfoil is normally smoog, with no burbling or tur-
bulenee. Burbling Breaks the flow of air, causing a loss of lift. In the casg
of an airfoil with a flat or approximately flat undersurface, when the
is parallel to the relative wind, thete 1s no impact pressure
on the lower surface. The whole lift force, then, comes from reduced
pressure along the upper surface (pressure differential lift). When the
wing is tipped up so that the lower surface makes an angle of 5 dcgrees
with the relative wind, the impact préssure on the under surface con.
tributes about 25 percent of the total lift. When it is tipped up to 10
degrees, the impact pressure on the lower surface produucs about 30
percent of the total lift. .

\ A smgll force acts on each tiny pojtion of the wmg This force 1s
) different in magnitude, (size) and direction from the force acting on
other small areas of the surface whych are farther forward or rearward. It

is possifile to add mathemancally all of these small forces, takmg nto

< account their magrhtude direction, and Jocation. The sum of all the tiny
forces over the surface of the wing is called the resultant, since it results
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fem addmg all the forces together. Thus resultant has magmitude, direc-

tion, and location. The point of intersection of the resultant with the
'chord of the wing is called the center of pressure (C/P).

Figure 16 shows the four forces acting on an aircraft in straight and
level unaccelerated flight in balance. Let's see what happens when the
pilot increases the angle of attack of the wing. Figure 17 shows the wing
at & low angle of attack. The center of pressure ¢(C/P) is in about the
same place as in Figure 16 The resultant is upward and back from the
vertical, @nd we can assume that the aircraft will chmb. Notice Figure
18 now. The angle of attack of the wing is greater. The center of
pressure has moved forward, and the resultant 1s somewhat larger,
which means that the aircraft will climb more quickly.

ﬁe angle at which lift stops increasing and begins to decrease 1s
called the burble point. You may also find this angle called the stalling
angle or the angle of maximum 1ift. When the angle of attack is in-
creased beyond the burble point, the resultant decreases in magnitude
and its angle back from the vertical becomes bigger (see Figure 19).

Note that at the various angles just described, the directian of the
resultant has had an upward and backward direction. If, then, it is
broken up into components or parts, the vertical component will be up-
ward, and the horizontal component will be backward. You can see
now that lift is the component of the resultant force, which is perpen-
dicular to the chord of the airfoil. It should also be noted that as the
angle of attack increases, the center of pressure moves forward, when the
angle of attaék decreases, the center of prwsure moves backward.

Now let's see what the pilot can do with angle ofat ck. As the angle
of attack is increased, more and more hft is generated | This increase in
amount of lift continues yp tu a certain angle of attack [the burble point,
mentioped above) which depends on the type of wing design. Most
aircraft wings have a burble point of somewhere between 15 and 20
degrees, but, again, this is built into the aircraft. What happens when the
aircraft regches this high angle of attack? The ayt no longer flows
smoothly over the top surface of the airfoil. Instead, it breaks away from
the surface and furms vivlent eddies. This is called byrbling. When bur
bling 1s taking place un a surface, the {e can be no decreasc in pressure
below atmospheric pressute. Why not? Thg turbulenge of the air doesn’t
allow fus a smuuth increase in air velucity which prioduces the reduced
pressure. Hence, there can be no hft. From this pgint on, then, as the
angle of attack 1s ipcreased, the amount of Lift gendrated 1s decreased.
The pilot, then, does well to know exactly the maximum angle of attack
in gvhich his aircraft can be placed to prevent loss of lift!
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The point at which the amount of ift generated is no longer sufficient
to support the aircraft in the air is called the stalling point, and the
maneuver in which the pilot does this is called the stall. If you should
hear of a pilot who stalled his aircraft, you will know that he’s refernng
to something he did with the lifung surfaces, rather than sumething in
volving his engine! The stall is a useful maneuver, however. When an
aircraft lands, the pilot often’deliberately stalls it. How dues he do this?
He simply gradually increases the angle of attack until the aircraft no
longer has any lifting forces. Meanwhile, the aircraft is going for-
ward—and when all goes well. the anrfonls stall just as the aircraft hits
the runway.

Another Lift Variable—Velocity of Relative Wind

Changes in angle of attack, then, can increase or decrease the amount
of lift generated. The velocity of the airfoil through the air 1s another im-
portant factor 1n determining the amount of lift generated. Let's see how
this works. .

If an airfoil 15 madzto travel faster through the air, a g}cater pressure
differgnce between the lower and upper surfaces of the airfoil results.
The ifnpact pressure on the lowet surface 1s greatcr and the decrease in
pressire on the upper surface 1s also greater. So, as the speed increases,
the lift increases, within practical limitations, of courge. This increase 1n
lift, though, is not a directly proportional increase (that is, there 1sn't a
one-for-one gain of hift f8r velocity). Actually the llﬁ increases as the
square of the velocity.

For example, an aircraft traveling lOO mph has four times as much
lift as the same aircraft traveling at 50 mph., becauge the square of 100
(100x100 = 10,000) is four umes the square of 50 (50x50 = 2,500).
This increase assumes, of course, that ‘?\c angle of dttack stays¢he same.

You probably have been water skiing or have watched cone
water ski at one time or another. YoL may have noticed that a larger

engine is needed to get a larger skier up on his skis tn the water. It's the |

same principle there as here the faster the skis are pulled over the
water, the greater the weight they can support:

Alir, Dcnslly and Lift

All’ density is another varﬁblc factor which can influence lift, In

chapter 2 we dlscusséd air density and how 1t varies with alutude. We'

pointed out that gif density 1s important in fight Here's why.

The first thing we should note 1s that Lift varies directly with dengity
For instance, at 18,000 Yeet, where the density 1s about half that At sea
level, an aircraft will need to travel 1.414 times as fast as it would at sca
level to maintain altutude. The figure 1.414 is the square rout ¢f 2 We
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AIRFOILS AND FLIGHT

said in the last section that lift varies as the square of the speed. It’
follows, then, if something reduces the lift by half, we have to increase
the speed so that the square of the new velocity 1s twice the square of the
original velocity. If the original velocity is Vo and the new velocity is
Vn, then Vn? must equal 2Vo?. This is simply a mathematical statement
of the vclocié}'-density relationship.

For example, assume that Vo is S0 mph. Then Vn myst be 70.7
mph (50x1.414 = 70.700). The square of 50 is 2,500, and the square
of 70 7 is 4,998.5, or about 5,000, which istwice as much. In chapter 2
of this unit, we pointed out that air density is decreased not only by
altitude but also by an ipcrease in temperature and by an increase 1n
humidity It is importantjto bear this in mind, because even at sea level,
the aircraft must go fastef to stay in lhf: air on a warmt humid day than on
a dry and cool day. ‘

!

/ . /Airfo_ll Shape as a Variad

J !

" In the section on camber, we stated that the qamber of an airfonl 15

fixed Strictly speaking, this isn’t quite true. JUH ko a certain point, the
greater the camber, the greater the lift. Hence, it mes extremely 1m-
portant, once an airfoll has been designed, to prdserve the characteristic
curve the designers build into the airfoil. Otherwise, the aircraft will not
perform as it should [Dents, mud, and ice are three common things that
can spoil the built-if shape of the airfoll and hence interfere with the

performance of the rrirc aircraft. | |

i

i
o f
| |

Wlngl Area and Lint

When we dischjﬁed lift, we pointed out that differences in pressure
between the upper;and the lower surfaces offthe airfo1l were the main
source of lift in mbst aircraft. It is interestirig to note how increases in
the wing area affect, the effective lifting forq . o

If the pressure differential is only 2'/; ounkces per square inch (a verﬂ
small amount of differenial pressure), thi pressure differential wil
produce a hfting force of more than 20 pgunds per square foot (144
square inches/square foot X 2'/z ounces/square inch). In general, thd
greater the surface area of the wing, the greater the amount of hift that
will be generated, within practical limitations if the proportiuns of thd
wing and the airfoil section stay the same

.. Ghdérs or sailplanes are very good examples of how a large wing sur-|
, face generates lift Advances in technology are making possible lift po-
’ tentials which would have staggered the Wright  brothers Lighter,
/  stronger materidls are being developed, so that tod
/ built to withstand trgmendous strains and yet not

!

y's aircraft can be
heavy.
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THEORY OF AIRCRAFT FLIGHT

Although it is not something the pilot can control, wing area cér-
tamly does vary from aircraft to._aircraft, and more importantly, wing
area differences provide great vanauons in the amount of lift generated

Planform of an Airfoil

We've been looking, for the most part, at airfoil sections—side views
of arrfoils—1n our discussion of lift. Another way to look at an aircraft
wing 1s from the top. This is called the planform of the wing. The plan-
form 1s simply the shape of the wing as seen from directly above or
below. We'll have more to say later on planforms, but you shquld note
here that the planform of the wing provides us another way tg measure
the efficiency of the lifting force. s

Aspect ratio 15 a statement of the relationship between the length and
the width of a wing. It can be computed by dividing the span (the dis-
tance from wing tip to wmg tip) by the average chord (distance from
leading edge to traihing edge), 'of the wing. In the case of tapered wings, it
1s sometimes difficult to ﬁn7avc\rage chord Iti ls usually simpler to com

|
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Figure 21 Gliders Have Very High Aspect R&ﬁo*Duo to Their Long Narrow Wings.

pute aspect ratio (AR) by squaring the span and dividing this by the total
wing area. Referring to Figure 20, we note that with the small square-
winged aircraft, AR can easily be computed usmg either average chord

“length or the wing area, but in the large mrcraﬂ wing area 1s much
simpler to use.

In general, the higher the aspect ratio, the more efficient the wang. A
long narrow wing will create much better fiR per square foot of area
than a short wide wing Some gh;k:rs have an aspect ratio as high as 20
(see Fig 21) The longer the wmg, then, in proportion to its width, the
more efficient the lifting fome it will generate, Why 1s this so? The wing
tip is the lehst efficient portion of the wing, because the air under the
wing, whicl} is at atmospheric pressure, or even higher, rolls over thé
wing tip info the low pressure area abuve the upper surface of the wing.
This air then causes a swirl, or vartex, at the tip of the wing and
decreases the amount of smooth air flow which creates lift. So, a long
narrow wnng is more cfficient than a short.wide wing. We'll seec more
about aspect ratio a bit later on in this unit whcn we discuss drag.

I’-‘hpc, Slots, and Spolle;s ' 4

Thm threc devices also affect the generation of lift. Let's |
them, one at a time, and sec how they fit in.
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* Figure 22. Slots Help Smooth Out the Airflow Over an Airfoll.

First, we'll look at flaps. We have said that by increasing the camber
of a wing, the lift will be increased. We pointed out that the camber of
an airfoil 1s designed 1n and buylt in, and also that this characteristic
curve 1s fixed. Well, we're going to hedge a bit now. By using a device
called a ﬂap, the pilot of an aircraft can increase the camber of a wing
while he is in flight. A flap is a movable control surface which is, in
effest, a turning down of the trailing edge of # wing. If the pilot increases
the camber of the wing of his aircraft, he can decrease hys airspeed with-
ouf losing altitude. Flaps are primanly used during takeoff and landing.

give added lLift at Jow airspeeds and provide betfer aircraft stability
fot these critical phases of flight. .

Slots, too, can affeqt lift by changing camber. Slots are either mov-
able or fixed sections df the leading edge of an girfoil. They are installed
on an airfil to help cantrol the airflow over it upper surface. We men-
tioned earlier that burl}ling of the flow. of air 15 caused by eddies yver the
top surface of the wingl The slots on an aircraft reduce or eliminate bur
blrng. The burble poirit, you'll remember, is the point at which the flow
off air begins te brealf up into currents apd eddies. Since we already
ht)w that the burble goint 1s reached at relatively high angles of attack,
itnaturally follows that if we can dy anyth/"ng to smooth the flow Jf air,
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AIRFOILS AND FLIGHT

the airfgil will allow a higher angle of attack before stalling. Changmg
the characteristic shape of the leading edge of the airfoil by opening the
slots and allowing a smoother flow of air acruss the upper surface of the
airfoil diminishes both burbling and the airfoil's stalling characteristics
(see Fig 22).

Spoilers are small surfaces, recessed into the upper surface of the air-
foil. The name just about tells you what they do. when they are raised,
they “spoil” the smooth flow of the air over the airfoil and, thus, reduce

“the amount of lift generated (see Fig 23). You might also say that the

spoilers change the upper cambef of the airfoil and thereby reduce the
amount of lift generated.

Flaps and slots, then, serve tq increase camber and thus increase lLift.
Spoilers serve to decrease caml?er and thus decrease lift.

Let’s sum up again, this time reviewing where we've been and point-
ing out where we're going from here. Lift is generated by the interaction
of air and airfoils. Bernoulli's Principle and Newton's Third Law of
Motion help explain how the lifting force is generated. Although airfoils
are specifically designed to genjrate lift, the amount of hft generated can
be varied by the pilot in flight, by the characteristics of the air through
which the aircraft is passing, and by built in flexibihties in the airfoil it-
self. Now, we're going to move on to a brief look at the other forces
affecting an aircraft in flight. thrust, drag, and weight, with some glances
back at lift. We'll then know better what holds the aircraft in the air.
Once we have it up there, we'll look at how it behaves. "

WORDS AND PHRASES TO REMEMBER

airfoil // impact lift
leading edge resultant
trailing edge /' center of pressure
chord burble point

. camber burbling

‘upper camber / stalling point
lower camber stalfl .
relative wind / planform
angle of attack aspect ratio /
angle of incidence span
attitude flap
lift i slots
pressure-differential lift spoilers

THINGS TO DO

1 Tape unc end uf a piece of paper flat to the uther end su that it fuuks like an airfuil

41
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from the side Put a pencil along the inside of the leading edge. Huld the leading
edge below your lower lip and blow. Explain what happens.

Have a kite or paper airplane flying contest. See who can fly his kite the highest ur
have a paper airplane stay airborne for the lungest ume. Discuss the dufferent kinds
of hft involved .

3 /Zalk tu a racing car driver. Report back to the class un why racing cars use aurfusls

o

n the back
Build a wind tunnel. (Your instructor has the plans). 4
5. If you are close to an Asr Force facility that has 2 wind tunnel (such as Arnuld
Engincering Center 1n Tullahoma, Tennessee), go vistt 1. -
6 ' Do some research to find o:{;fuul different kinds uf flaps, sluts, or spoilers.

~

Discuss why some aircraft reqyire longer runways than others ,

8  When niding in a car with n¢ obstructiuns ur trees along the road, perform the ex-”

periment we discussed of putting your hand out of the window.
{

{
i
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v REVIEW QUESTIONS

—~
1. A part of an aircraft that Is desighed to produce lift is called a/an

2. True or False. I‘Zil surfaces,
sidered to be airfoils.

peller blades, and fuselages are

U
t an airfoil smpende?n 2 wind tunnl behaves
g over an airfoil in flight.

3.+ True or False. Air flowing
in the same way as air ﬂo?

4. Name four major parts of an sirfolt.

5. A thick and fat leading edge would prodnce (more/less) lift at low speeds
than & sharp one. R

6. The portion of the airfoil where the upper surfaée sirflow rejoins the Iowe;
surface airflow is called the
i ~
7. Ah imaginary straight line drawn through the airfoil l;mm its leading edge to
its tralling edge iscabled the

42
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AIRFOILS AND FLIGHT |

Define camber. , . .

‘
The _____ iscreated by the motion of the alrcraft lMOugh the .
air and is parallel to the flight path. '

K

True or False. The angle of attack remains constant in flight,

The aircraft position in relation 1o the horizon is called the:

a. relative wind "
b. angle of incidence
c. angle of attack : . ‘ .

d. attitude - . ¢

Define lift.

—— ' ,

13.

14,

15.

16.

17.

21

22,

The pressure of moving xir against the lower surfsce of an airfoll causes
(pressure differential/impact) Iift.

Pressure differential 1ift plus impact lift gives __l_

|

True or False. The pitot must be able to control the amount of 1ift genemed
by the airfoils.

Which of the following affects the amount of Iift generated? |
a, airfoil shape

b. relative wind speed -

¢. angle of attack

d. all of the above

As the airfoil moves through the air, changing the angle of attack can change
the amountof ______, ("

A resultant has , ,

b. st

c. angle of maximurf lift

d. all of the above | / . N ‘\
a '

When the angle of attack increases the center of pressure moves (for-
ward/backward).

What happens to the amount of lift generated as the angle of attack is in-
creased past the stalling angle?

The point at which the amount df lift generated is no longer enough to sup-
port the aircraft in the air is called the

\ -4 . \
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THEORY OF AIRCRAFT FLIGHT
24. Lift varies (directly/inflirectly) with density. =
’

25. The greater the camber the (greater/less) the lift.

Fo.r the most part, the gréater the wing area, the (greater/less) the lik.

27. The shape of the wing a8 seen from above or below is the

28. Define aspect ratio.

.29. True or False. In general, the lower the aspect ratio, the more efficient the
wing. .

30. Match the lift device to'its position.on the wing:
a. flaps . 1. upper surface
b. slots " 2. trailing edge -
¢. spdilers . . 3. leading edge
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'S
. Weight, Thrust,
' and Drag

" THIS GHAPTER explainis the other three forces acting on an -
alreraft in straight and level unaccelerated filght, Essentially, the
chapter defines thestferces: welght, thrust, and drag, You will .
read a description’of esich of these terms and then, rdad, about
how these factors Tnfluance alrcraht design and perf '
After you have stiidied this.chapter, you should be able to; (t)dis-
cuss the “balance of fofces” which keeps an alrcraft in the air;
(2) expiain how Newton's Third Law accounts for thrust; (3),

+ ~differentlate between friduced drag and pargsite drag, (4) explain
how designers reduce turbulent flow deag; ¥6).define supercriti-
cal wing; arid (8) show how the four forcesiilate to helicopter..

% - ﬂléht. TR

LS U S EN . S )

»,

N THE FIRST CHAPTER, we stated that four forces in balance \
maintain an aircraft in straight and level unaccelerated flight. These .
four forces, we said, are lift, weight, thrust, and drag. We've just looked
at lift in some detail; now we’ll examine the other three forces.

WEIGHT ' N\ i
Since weight opposes lift, we’ll start here. Gravity is the force which
pulls the aircraft toward the center of the earth. The pull of gravity 1s
responsible for the total weight of the aircraft and its contents. For pur !

purposes we will consider weight to be constant within the atmosphere. |
You should realize, though, that gravity is not always equal. For exam-
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ple, you would weigh slightly less un a high mountain peak than you
would at sea level. :

.The point at which the total weight of the aiscraft and its contents ap- /
pear to be cemercd\%mrcemrated 15 called the.center of gravity. On a
model airplane you cén find the center of gravity by suspending it using
a thread. When it’s level, the thread will be in line with the center of
gravity. What would happen to the center of gravity if all the passengers
on an airliner suddenly decided to meet at the rear of the aircraft? You
can see that the center ofj gravity can be changed (even in flight) and 1s,
important to the pilot—mor¢ on this later. All in all, weight is not too
complicated, but the next force is a bit more complex.

THRUM

Thrust 1s the force which drives the aircraft forward. A formal defini-
tion of thru$t might read something like this. Thrust is u force impurted tv
move a budy in a desired direction. It xs obtained by the application of un

. equivalent force applied in a direction dixectly oppused tu the desired dire.-
ton of motion, 1f this hefty mouthful sounds like something you've read
already n this unit, it's no accident. Do you remember Newton's Third

\ Law of Motion? Here it is again. “For ese\&action. there is an equal
\ and opposite reaction.” How does this statement explain thrust?

_The two types of aircraft propulsion systgms\in general use today,
reciprocating engines and jet engines,\ both uperate un this principle to
create thrust. The unit un propulsiun Yystems for aircraft will cover the
operativh of these systems in some detdil, our purpose here 1s simply to
puint out that the pninciple behind thes¢ two system$ 1s exactly the same.
They are both reaction engines. This §mply means that they both de-
pend upon Newton's Third Law of Motion to produce thrust. Let's see
how this works.

" In a reciprocating engine, an explosion inside the cylinder(s) causes
an action. This action is transmitted, ultmately, to the propeller(s). The
action of the propeller(s) then propels a mass of air to the rear. In su
doing, the aircraft is propelled forwargl. At this point do not concern
yourself with how a propeller uperatés since this will be discussed in
Propulsion Systems for Aircrafi. .

The operation of a jet engine is even simpler. Compressed air 1s’ !
mixed with vaponized fuel and 1gmted. The hot burning gases then are
exhausted frum the rear of the combustiun chamber, producing an equal
and oppusite reaction on the intenor walls of the combustion chamber
which moves the aircraft forward. The “equal and opposite reaction,”
then, is thrust.

The essential difference, for our purposes, between reciprocating

Tt M6
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! . WEIGHT, THRUST. AND DRAG

engines and jet engines is the action of the burning gases. In a
reciprocating engine, these burning gases drive a complex system which,
through the turning of a prupeller, results in the movement of a mass of
air opposite to the diréction of desired travel. In a jet engine, the burn-
ing gases act rather more directly to produce the equal and opposite
reaction which propels the aircraft. In buth engines, thrust'is the result.

DR .

Drag is the force which opposes thrust. It is caused, purely and
simply, by the resistance of air. Air, you will remember, 1s a fluid and
has mass When you stick your hand out of the window of a moving

. automobile, you do several things. First, you may violate the law in
some sections of the country—in addition to pussibly getting your hand
clipped off by a ttee! Secondly, you experience (ur feel) the relative wind
created by the car's furward muvement. Remember the relative wind? It

‘ {s the wind moving past an object—and the object, in this case, is the

»car Your hand, in effect, becomes an extension of the car in expenenc-
ing the relative wind» Third, you may possibly create lift. If you arch
your hand slightly (you're really giving it sume camber, your hand may
tend to rise If you place your hand at a slight angld to the relative wind,
the impact air will cause your hand to rise. But fourth and for suré, you
will encounter air resistance and experience drag. This drag will tend,
then, ta'gp your hand backwards. ,

Aircraft in flight encounter the same furce as your hand, but aircraft
are designed to fly, rather than to do all the things that your hand can
do Aecronautical engineers realize that drag, like the other forces acting

v on an aircraft in flight, is made up of a number of compunents. One way

to look at the total drag is to divide it up into two fairly broad divisions, |

‘ induced drag and parasite drag. Let's louk at these two, one at a time. |
,' ) Induced drag is an unavoidable result of liff It 1s caused by the -
V" change in direction of the airflow. As the aircraft speeds forward
\ through the air, the air which creates the hifting force creates a retarding
\ force Here's how it works. Air from the higher pressure area below the.

wings tends to muve intu the lower pressure area abuve the wings bothat N\
the wing tips and-at the trailing edges (see Fig 24).

Air flowing over and under the wing creates different pressure
differentials at different points on the wing. An aircraft wing is usually
thicker at its root (where it 1s attached ty the body of the aircraft) than'at
its tip This means that the pressyre differential caused by the relative
wind is greatest at the root, gradually decreasing along the length of the
wing and least at the tip This means that the air molecules at the rootof
the wing have a greater amount pf kinetic (motion) energy than the air

Q 47 ‘
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P anure'z»% The hu_mer Pressure Air Under the Wungs Seexs 1d Flow to the Lbwei Pressure
" Area Above

-. 4 .- .

o pe p .
muleuyes at the tp of the wmg,,oThxs means that alr molcc(de kmem
energy gradually decreases.from the wing rixt to the wing tip, What's
the effeClof all this™ A pressure wave 15 created alung tﬁ sarface of the-
wing. forcing the air molecules at the !ip uf the wing tu be pushed off, as
nature tries to equalize pressure. .- :

é

! 1 ¢« Figure 25 mduood Orag
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The violen interact&oh df these two pressure movements and the for-
ward motion pf the aiEC ﬁ result in trailing vortices or whirlpools at
the wing tips {see Fig 25), these tip vortices tend to retard the forward-
motion of thq aircraft byl absorbing energy. Also. hift.1s reduced at the
nt dirflow. ‘
es from lift. Does this mean that in order to
bout drag? Not at all. Both the designer and
exercise some control uver the amount of in-

Indyced dgag, then,

the pilpt of th} aircraft ¢
duced,’;irag generated. Hefe's how. ’
By reducing the area bf the wing affected f)) the wing tip vortices, the
designeer canfcduce indiced drag. He has twa ways to do this If the
or if itis narrower, the percentage of the wing area will be
reduced Does this sounfl famihiar? Remember aspect rativ” It's the rela-
tionship between the span (length) of a wing and ts average chord If
other 'things remain constant lengthening the wing our reducing the
a_weragé chord increases the aspect ratio, which reduces induced drag

What can the pilot do about this kind of-drag? He can change his
angle of attack. Angle of attack, you will recall, 1s the angle at which the

relative wind meets the airforl Just as increasing the angle of attack in- _

creases the amount of lift generated. decreasing the angle of attack
decreases the amount,of lift generated Induced drag works exactly the
same way An increase in angle of attack increases the amount of in-

duced’ drag: and a decrease in angle of attack decreases the amount of
induced drag, all other factors remaining equal. “\

Let's move on to parasite drag Parasite drag includes all drag com™

ponents except those causing induced drag Skin friction and turbulent,
flow’ are two of the components of parasite drag Skin friction drag 1s ~
caused by the friction between the outer surfaces of the aircraft and the
air through which it moves Turbulent flow drag is caused by whatever
interferes with the streamline flow of arr about the aircraft We'll have to
g0 a bit deeper to examine what causes skin friction drag and turbulent
flow drag. we'll look at boundary layer air

ﬁoundary layer air 15 a layer of air very close to the surface of a mov-
ing airfoil It 1s caused by the fricion between the wing and the air. In
this layer of air, only a few thousandiths of an inch thick, impact pressure
reduced because of the air's viscosity This simply means that this
ucroscopically small layer of air resists the tendency to flow What

ppens” The air particles which Xr‘c flowing smoothly at the leading
ge of the airforl gradually flow with more 4nd more turbulence as they
roach the trailing edge of the airfoil N .
i Wow 1s boundary layer air related to skin frictiun drag’ We've
Iia ed that turbulénce can cause drag’ The more turbu\\ént the bound-

! , B | \ .
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‘Because the already turbulent boundary layer air will be passing uver a
surface which 1s rough—and this rough will cause additional tur-
bulence. Skin friction drag 1s difficult tu reduce, but keeping the awcraft
clean and well polished helps. Removing surface irregularities, such as

) those caused by protruding rivet heads, alsc makes the surface smoother
and, hence, less hikely tv generate additional turbulence in the boundary
layer atr.

\
\ .
| THEORY OF AIRCRAFT FLIGHT
ary layer air, then, the, more skin fricuun drag wi\l be created Why”
f i\l b

-~ L ay
What about turbulent flow drag” We've already stated that 1t 1s the
drag which 1s caused by anything which interferes with the streamline
flow of air about the aircraft What causes this kind of drag” It 1s caused
by our old friend turbulence, which creates low pressure areas which
tend to retard the forward motion of the aircraft. This turbulence forms
eddies, or burbleg, which are simply descriptive names for the motion of

the air in these areas of lowered pressure T

How can turbulent flow drag be reduced” Acronautical engineers
have discovered that the best way to reduce 1t 1s to streamline the
arrcraft This simply means that designs for an aircraft (and for specific
pottions of an aircraft) approach the shape of a teardrop The reason”
Ths particular shape s the best adapted to flowing through tH_c air Tak-
ing_their clue from nature, then, aerunautical engineers have reahzed .
that this particular shape encounters the least resistance to the air
because 1t best disposes of the turbulence around it Hence, they design
exposed aircraft parts in as cluse an approximation of the teardrop as
possible See Figure 26

Not all partswf an aircraft can be given this p‘artlcular shape, though
What then? The engineers enclose the particular part in a cover which
has a streamhined shape This auxiliary structute. called a fairing,
reduces the amount of turbulent flow drag generated by the Eart to
which 1t is fitted Some of these fairings are not complete covers, they .
may only fill out a portion of the aircraft n order to make 1t more

strecamlined.

Let's try to pull these aspects of drag together The\u\o primafy com-
ponents of arrcraft drag are induced drag and parasite drag Baoth typgs
of drag are a result of air turbulence induced dragis the result of air tur-
bulence associated with hifting surfaces, parasite drag 1s the result of air
turbulence associated with nonhfting surfaces Both pilot and designer
have some control over the amount of drag generated by the aircraf, but
drag 1s as much a consequence of flight as hft Let's briefly*look at the
latest development 1n aerodynamics which very clearly shows the 1m
portant relationship between drag and hft

v
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Figure 26 Turbulent Flow and Streamhned Flow
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|
E If you've watched any science fiction movies. you know that some-
: times things happen just the oppusite of the way they're supposed to hap-
‘ pen The supercritical wing 1s something like that It seems to violate
some of the principles we've been discussing ,
First, let's extend bur discussion of boundary layer As the air flows

Strong Shock Wave
l Separaled Boumdary Layer

N oy
i Al

S——— I — .
. Figure 27 Airflow Over a Typical Airforl at Transoruc Speeds
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\ THEORY OF AIRCRAFT FLIGHT

ovber the airfoil, 1t tenis to separate, creating titbulence and drag. The
farther forward ¢n the airfoil it separates, the more drag there 1s created.
As an ajrcraft gpproaches the speed of sound, shock waves are also
formed (See Fig 27).

Scientists hgve found that they can reduce the boundary layer separa-
tion and shock wave for high speed aircraft in the transonic speed range
(where speed is sometimes subsonic and sometimes supersonic). They
do it by putting the camber on the bottom of the wing and having a
nearly flat upper surface. This new design, cdlled the supercritical
wing, overcomes many of the problems ericountered when flying at
these critical fransition speeds (sce Fig 28). « '

Figure 28 Supercsitical Wing. The Boundary Layer Separation and Shock Wa've Ettec
' Are Reduced by Moving Them Farther Back on the W’mg T
By now you may be wondéring how the aircraft stays airborne
"because the wing doesn’t create any hft according to Bernoullr's Princi-
ple You're right, the hft comes from impact lift which means the
arrcraft must masntain higher speeds or 1t will stall
With this wing, an aircraft could operate approxigpately 15 percent
more efficiently, meaning that an aircraft cquipped with a supercntigal
wing could go farther and faster with the same engines and weight. This
erstanding of the forces of fhight 1s important to buth
the pilot. ‘ .
¢ more place to insure our understanding of the furces
ng from the transonic speed range, we'll sec how the four
elicoptet aerodynamics

.

Let's look
of flight Shi
forces affect

HETICOPLERS

Up tg¢#now, no discussion has beea made of the forces involved 1n
helicopfer flight. There was really no reason to, since the same.laws of
aerodynamncs apply to both.hehicopter and aircraft fight. Lift coun-
teracts weight and thrust overcomes drag resulung in flight in the
desired direction. #

The unique thing about a helicopter is that 1t dues not just fly straight
up and down or remain stationary, it also can fly in any direction As if
this weren’t enough, it can fly any direction regardless of the direction

O 52
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WEIGHT THRUST AND DRAG

Figure 29 Ho’veer Lift Equals Werght and Thrust equals Drag .

@
[N

the helicopter 1s headed, for example, it can be headed north and be fly-
ing south or headed east and flying north.

In order to best understand helicopter flight, let's first examine what
happens when a helicopter hovers Because there 1s no forward, rear-
ward, upward, or downward movement, the four forces are in balance .
Drag and weight operate parallel to and opposite of hft and thrust (see
Fig 29) If we decide to climb, we l'r‘crely increase thrust which increases
lift overcoming both weight and drag.

™ \,‘ "“"‘”’\f‘

WHGHT

Figure 30 Sideward Fiight, The Vertical Component of Lift Equais Weight, While the
Sideways Component of Lift'(Thrust) Exceeds Drag
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Figure 31 Forward Flight
Assume.now that the pilot wants to go to the nght. He moves his con-

trol to the nght causing the rotor to tip toward the desired direction of
flight. Now thrust and hft are no longer parallel Thrust 1s moving the

o _hehicopter tou the side uvercoming drag, while effettive hift 1s operating

in a vertical direction overcoming weight (see Fig 30) )

By changing the tilt of the rotor, the pilot can fly in any Jesired
horizontal direction (seeyFig 31). Thrust always acts in the direction of
flight, drag always acts in the upposite direction. Lift and weight always
act in the vemcal‘dircction. -

How does all this add up” In straight and level, unaccelerated flight,
lift equals weight and thrust equals drag. it Yift exceeds weight, the
helicopter will chimb, 1f lift 15 less than weight, it will descend If thrust
exceeds drag, the helicopter will speed up and 1f thrust is less than drag it
will slow down. !

We will not discuss hehicopters again untl the umt on propulsion
systems However, you should remember that the aerpdynamic princi
ples applying to the aircraft also apply to helicopters

In summary. lift, weight, thrust, and drag are the four forces which
act upon any aircraft in fhght Each of these forces has an explanable
cause, and cach une (except gravity) can be controlled to a certain extent
by the men who design and build aircraft and by the men who fly them
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WEIGHT. THRUST. AND DRAG

When these four forces are in balance with one another, the aircraft flies
straight and level at a constant speed. b

A

Aircraft don't always fly straight and level, 'you may say, aircraff,

climb; they descend, they take off, they land, they fly upsidedown; they
roll; and so forth Precisely. Aircraft fly in a three-dimensional environ-
ment, the air. This is the subject of our next chapter. i

;
:

/
WORDS AND PHR ASES 1O REMEMIBER '

'

center of gravity skin friction drag ,/
thrust turbulent flow drag

drag - boundary layer air

induced drag fairing \
vortices supercritical wing i

parasite drag
THINGS TO DO

1 If your physics teacher has the equipment, perform this experiment for the class
Show how a feather falls in a vacuum

2 Report on how and why we use streamhining for things other than airplanes

3 Taketwo ropes and tie them together 1n the middIe so that there are four free ends.
Have four people of approximately equal strength have a tug-of-war simulating the
four forces of flight What does the point where the ropes are connected represent?

~ 4 Rescarch wingtip vortices Explain the cffect of a 747's or DC-10's vortices on a

light atecraft Explain 1o the class what a hight aircraft’ would do on takeoft and
landing 10 avoid these vortices .

5 Go waterskitng. What acrodynamic principles are involved?

6  Have an acronautical engineer visn your class. Perhaps he could explain how the
supercritical wing operates

7 Perform wind tunnel experiments in the wind tunnel you are burlding for the class
Demohstrate to the class how unstreamitned bodies create more drag.

8  "Makeard fly a paper autogyro (Your instructor has the plans)

SUGGESTIONS FOR FURTHFR READING

BRYAN LESLIE A Fundamentals of Avial'ion and Space Technology Urbana, 11! - Institute
of Aviation. University of Itlinoss, 1973
« Federal Awiation Agency Basic Hehoopter Hundbook Washington US Government
Prinuing Office. 1965 (AC 61-13)
MISENHEIMER TED G Acroscience 2nd od Los Angeles Acro Products Research, Inc .
1973.
s VANDEVENTER C N dn Itroduction 1o General Aeronautics Chicago American Tech.
nical Society, 1968.
Historv of Flight New York American Heritage Publishing Co . Inc . 1962
VON KARMAN THEODORE Aerodwamics New York McGraw-Hill Book Co . 1963

* REVIEW QUESTIONS

L. The force which pulls an aircraft toward the center of the earth is called
. f
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THEORY OF AIRCRAFT FLIGHT - '

The point at which the total weight of the aircraft appears to be centered is
called the:

a. center of pressure

b. center of gravity

c. centrifugal force A )
d. centripetal force

Define thrust. .

What two types of aircraft propulsion systems are in general use today?
Define drag.

What causes induced drag? ,I)

.

Wingtip vortices tend to (aid/retard) the forward motion of the aircraft by (con-
tributing/absorbing) energy.

How can a designer reduce induced drag?

How can a pilot reduce induced dr;;‘.’

Define parasite drag.

What are the two primary components of parasite drag?

The air very close to the surface of a moving airfoli iscalled — f

The more turbuient the boundary iayer air, the (more/less) skin friction drag wiii
be created.

How do’ we reduce skin friction drag?
The best way to reduce turbulent flow drag is through —— .
What shape is best adapted to {lowing through the air?

An airfoil with a nearly flat upper surface and camber on the bottom is calied a

Most of the lift suppiied by a supercritical wing is in the form of (pressure-
differentiai/impact) lift. .

True or False. The same acrodynamic laws apply to both helicopters and, con-

ventional a
’

How does a helicopter pilot change his horizontal flight direction?
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Chapter 5

Aireraft Motion
and Control

N

+ THIS CHAPTER examines the alrcraft i motion, You will read. -
 aboutthe axes of rotation and the movement ardund these axes
whichthe aircraft makes when it fliés, Studying the axes of rota.

3

tion leads to the concept of stability, which js very importantto an ..
alrcraft in fll%hg You Will reid about various kinds of stability.

The chapter then disefisses alrcraft controf and explains.which-.!

controls thé pilot of an aircraft uses to perform. various ]

marleuvers. The chapter congludes by showing the relationship .

n the physical principles involved in stability and the ways }

in which the pilot controls the aircraft. After youhave studied this

chapter, you should be able ta: (1) describe various conditions of |}

stability; {2} explain how varying stability factors will .affect an .

aircraft in flight; (3) discuss the corcept of &ircraft control and list -

- several control surfaces; (4) explain tate of climb and angle of, .-
climb; and (5) point out which oontrol surfaces affect: which .
a}rc(af[mq[}ons' SN '1:%?»' ' NN ~~ o

T :&":Z\‘iln_‘fh.\ i
n
\

W E POINTED OUT carlier, that aircraft are able to sustain flight
bccausg of a balance among the four forces we've just discussed:
lift, weight, thrust, and drag. When the aircraft is in the airand flying
straight and level, we can assume that these four forces are in balance.
But the aircraft has to get there somehow, you may say; what otlrer types
of aircraft motion are there, besides straight, level, unaccelerated fhght? .
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THEORY OF AIRCRAFT FLIGHT

LATERAL AXIS 'LONGITUDINAL'
"PITCH" I "rROLL" AXis
'y - [ IR R S

Figure 32 The Axes of Rotation

Aircraft fly in three dimensions. Aircraft are three-dimensional ob-
jects, and they move in directions other than straight and level.

THE ANES OF ROTATION

In order to examine these other directions, we have tu take another
look at our arrcraft. In addition to moving forward, an aircraft in flight
may move about threc axes. See Figure 32 and you will understand what
we mean The simplest way to understand the axes is to think of them as
lung rods passing through the center of gravity, where each will intersect

the other two. At this puint of intersection, each of these axes s also per-

pendicular to the other two. This relationship is a bit difficult to sketch
out. your best bet for getting this concept of axes straight is tu have your
instructor show you a model plane and point out cach axis.

The axis that extends lengthwise (nose through tail) 1s called the
longitudinal axis, and rotation about this axis 1s called roll. The axis
that extends Crosswise (wing tip through wing tip) 1s called the lateral
axis, and rotation about this axis is called pitch. The axis that passes
vertically through the center of gravity (wheg the aircraft is 1n level
fhight) 1s called the vertical axis, and rotation about this axis 1s called
yaw. There 1s apparently no real rationale for these names. you simply
have to memorize them Longitudinal axis—roll, lateral axis—pitch,
and vertical axi aw.

You can demonstrate them for yourself by means of a model

N
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AIRCRAFT MOTION AND CONTROL

airplane. Hold the airplane from above at about the middle (sumewhere ’
near where you imagine the center of gravity to be). Tip une wing duwn.

You've muved the airplane about its lungitudinal axis, and the airplane.
has rulled. Bring the wing back up, nuw, and the airplane has returned

tu a stable configuration. Now pivot the whole airplane tu the left.

You've just moved the airplane about its vertical axis, and the airplane

has yawed. These mbvements are not always this snmple in the air, uften

they are combined with one another; but more on that later.

If the aircraft rotates about any one axis, the other two axes are con-
sidered tu be mouving with the am,raft Fur example, if the aircraft dips
vne wing, it is rulhng——but it1s not yawing or pitching. However, as we
mentivned abuve, the aircraft can rotate about all three axes at the same
time, as it does in the beginning of a climbing turn.

St \Blll\\

Stability is an important central concept behind arrcraft design,
operation, and control. We'll discuss stabﬂhgk in general first, and then
we'll move on to shuw how aircraft stability works. The 4xes of flight,
discussed abuve, will provide convenient reference points fur vur dis-
cussion of aircraft stabilit

First off, what 1s stability? A budy 1s said to be n equilibrium when
all the forces acting on it balance vne another. Stability, then, 1s that
property of a budy which causes it tu return to its vriginal condition
when its equilibrium is disturbed. This tendency uf a displaced ubject to
return to its original position is also called static stability.

Let’s examine static stability more closely. We can divide 1t into three
types positive, neutral, and negative. We can demonstrate these with a
small ball and a piece of pusterboard. First, lay the posterbuartd un a flat
surface. Place the ball un it su that it's perfectly still (in equilibrium). If
we push the ball, it doesn’t try to return to its vriginal position nor does
it try to move further away This 1s neutral stability. Sec ball A in.
Figure 33 Next, bend the ends of the posterbvard up shightly and put

.the ball in the middle (ball B 1n Figure 33). Now when we push the ball
up the sides (disturb its equilibrium) it always tends to return to its
vnginal statc—positive stability. Now for the hard part. Curve the
edges of the pusterboard down as for ball C in Figure 33 It's very ob- .
vivus that if you're able to balance the ball un the top, unee you disturb
tts equihbruim, 1t tends nof to return to its vriginal state—negative
stability. In fact, it tends to accelérate away from the point of origin.
Sumetimes we simply say that ball B 1s stable and ball C 1s unstable.

An unstable aircraft tends constantly to change from normal fhight
into abnormal flight, and 1t must just as constantly be restraned from
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NEUTRAL STABILITY

Figure 33 Types of Stability

doing so by proper use of the controls. Obviously. unstable dircraft are
extremely dangerous and aircraft desigpers are careful to build at least
*some stability into all arrcraft

Another division of the concept of stability 1s into stam o bility and
dynamic stability As we discussed earlier, if the body has stang: stabilaty,
it has a tendency to return to its onginal posiion It an aircraft tepds to
return tu level flight without effort on the part of the pilot dfter 1t has
been put into aclimb or a dive. the aircraft is statically stable 'However,
the furce that tends to restore the aircraft to normal flight night be so
great that it would carry the areraft too far in the opposite direction If
the aircraftis put into a dive, the restoring torces would move it fitst into
a chimb, then into a steeper dive. then into a steeper climb, then into a
steeper dive. and so on until the aircraft finally stalled or crashed. In
such a case, the aircraft would be staucally stable (it would tend to
return to ats original position), but 1t would be dynamically unstable
Dynamic stability, then, 1s a tendency to return to the vriginal pusition
with a mimmum of oscillations

Refer again to Figure 33 If we released ball B so that it rolled up and
down the side of the posterboard, 1t would gradually come to a stop tn
the middle As it rolls back and forth unul it stops, 1t 1s demonstrating
dynamic stability  The steeper the sides of the posterboard. the greater
the dynamic stability

Sometimes stability 1s really a type of instability It 1s possible to .

design an aireraft so that it's stable when flying 1n an abnormal atutude
In the carly days ot flight. for example, some aircraft were stable when
they were ﬂyln% upside down This s all well and good. it you happen to
wind up flying 'upstde down The trouble 1s that the aireraft will con-
stantly tend toward this condition ot stability—and taking oft or landing
upside down 15 not 4 particularly safe maneuver' Even today. an im-
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AIRCRAFT MOTION AND CONTROL

properly loaded aircraft will be inherently unstable. Perhaps you've
wondered why you could only carry hand luggage with you on a com-
mercial flight. Overloading the plane, of course, is the primary reason,
but an important secondary reason s linked to the problem of distribu-
ting this weight properly.

So much for stability in general. The question naturally arises as to
how and why an aircraft maintains stability, particularly since 1t must be
stable about all three axes. Let’s assume that vur aircraft 1s stable. If the
aircraft noses down, there should be a tendency for the nose tv come
back up, if the nuse swings to the right or to the left, it should have a ten-
dency tu resume its original directionwéind if une wing drops, there
should be a tendency for the wing to come back up tu nurmal position.

Longitudinal Axis Stability

If an aircraft is stable along its longitudinal axis, it will not pitch
unless some force raises or lowers the nose of the aircraft. This move-
ment is sometimes called “nosing up’'for “nosing down." If the aircraft
is statically stable along its longitudinal axis, it will residt any force
which might cause it to pitch, and it will return to straight and level
flight when the force is temoved. Qfythe three types of stability of an
aircraft in flight, this type is the most important. ’

To obtain longitudinal axis stability, the aircraft is dellbcratel);
balanced so that is slightly nouseheavy. In vur discussion of the forces
ofﬂlght we menfioned the terms center of pressure and center of gravi- .
ty. Aircraft designers deliberately locate the.center of gravity ahead of
the center of 2 essure in a given aircraft. This means, then, that the
aircraft in normjal flight has a continuous slight tendency to dive, Why?
The center of gressure, you will remember, 1s the point at which all the
forces acting op an aircraft in flight are assumed to be.concentrated. The
center of gravity is the point at which the, weight of the aircraft 1s con-
sidered to be concentrated. Obviously, then, the center of weight will be
ahead of the cénter of the other furces—and the aircraft will have a shight
endency to jve The correction for this tendency 1s simple, and we’ll
’, explain a bit further on why this tendency 1s built into the atrcraft.

Think bagk to the section on lift. The relative wind passing over the
airfoil is givén a slight dowggvard movement, and this movement 1s
called downwash. The horizontal tail surfaces are usually set at a nega-
tive angle of attack, which simply means that when they mdet the relative
air, they produce a sort of downward or negative lift. WHy? When the
aircraft is flying at a given speed, the downward force on the tail exactly
offsets the nose heaviness. The aircraft, then, maintains level flight with-
out effort from the pilot (see Figure 34). -
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\ AIRCRAFT MOTION AND CONTROL ‘ ¢

\ If the engine “conks out,” two things decrease the speed of the air
over the tail surfaces The first 1s a loss of speed which 1s due to lack of
. “thrustThe se€opg 1s the elimination of the slipstream. The shpstream
1s the stream of air driven rearward by the propulsion system Since the
speed of the air over the tdil of the aircraft degMses, the downward |
force on the tail also decréases What happens then’ The aircraft
becomes noseheavy, the nose drops,'and the aircraft goes into a ghde or
a dive As the aircraft dives, its airspeed increases In turn, the down-
_ ward force on the tail increases, since the negative hift becomes greater.,
This increase of the downward force on the tailof the aircraft forces the
) tail down and the nose up, and the aircraft goes into a climb As the
chimb continues, the speed again decreases, and the downward force on
the tail becomes gradually less unul the nose drops once more This
tme. if the aigeraft is dynamically stable, the nose does not drop as far as \
1t did the first ume The arrcraft then has a much shallower dive The |
. speed then increases until the aircraft again goes into a shallower climb,
. «as before  After several such uscillations, the: axrcraﬁt will finally settde
“down to a speed at which the downward force on the'tail exactly offsets
the tendency ot the aircraft to dive The aircraft then can make a smooth
- glhide down, regardless of whether the power is on or off
' at'happcns when an aircraft 1s balanced so that the center of gravi-
ty 1s behund the center of pressure” Such an aircraft 1 tailheavy, hence, 1t
has a tendency to cimb This cumbing tendency may be offset only by
ancreasing the hift on the horizontal taibsurfaces so as to get a posttive hft ‘
_or upward force What happens when the engine conks out on an |
aircraft balanced this way” Because the hfjing force developed by the
tatlus decreased dut to the loss of thrust,'the airceaft becomes tailheavy
and starts to chimb “Since there 1s nothing to check this chimbing tenden-
¢y, the aircraft continues to cltmb until 1t stalls and falis off into a spin
/ © _Ifthe z}lrcraft 1s put 1nto a dive wath the controls released, the hft on the
tail becomes greater and greater as the speed increases Thys, 1n turn,
- forces the nose of the aircraft down and causes the aircraft to dive more
and more stecply, until it finally may ge partly onto its back L
We'll discuss aircraft control 1n ‘more ‘detail later, right nnwkjct's
} look at lateral axis stabihity ' '

Lateral Axis Stability

If the tateral axis of an aircraft n‘s stable, the wings will not pivot about -
the longitudinal axis What dues this mean” To 53) it anotier way the
wing tips will hold their positions in flight unless sume force 1s apphed
to.change theif position [f the lateral 'a}xls ts statically stable, any forye
apphied to cause the wings ta change position w I be resisted, and the
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. Keel Effect
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| Fiqure 35 Dihedral Keel Etfect and Sweepback
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o
. wings will return to straight and level thght.once the torce 1s removed
This type of stability 1s comparatively casy to obtain Three tactors help
make an atreraft stable along its lateral ants (1) the dihedral angle of the
wings, 1 1) heel e ffeut. and (3 sweepback Study Figure 35 brietly, and
lhtn we H Took at these three design charackenistics ane at a ume

Diledral is the angle produced when the'outer ends ot the wings dre
higherkhan the anner énds Actually, you should view this as an upward
pinclinalion ot the wings The angle at which the “'mg slants wpward

\ ‘trum an imagindry line pardllel to the gropnd 1s the dihedral angle.’

\ Hereb how the dihedral figures in maintaining the airergtt s lateral
axis stabfhity When an aircraft with dihedral rolls so that gne wing s
lower than the other. the aircraft immediately begis o gdeship (go

' shghtly siffeways through she wir) The Tesult ot this ship s thit the angl

ot attack lt (hc lower wing s greater thap the angle ot altack bt the high

er wing Whm happens® The greater .mgk of attack prixdudgs & greatgr
damount ot ltft. and the arreratt tends to return to straighf and@evel flight

’ . Keel effect, the second lateral axis stabilizing tactor, caf also hdip
return the gircraft to a level attitude When more ot the wforatt's s
sfface 1 above the center of gravity than below it the resisfance ot
air to the Jpwnward dnzl sideward movements of the aircit tendsito

v returntthe dircratt to g sbable position {see Fig 36) A large perucal tail
surtace is ften yaed tn/‘mrusc the aide surtace

]
Q ] ’ - ‘()4

ERIC {L

Aruitoxt provided by Eic: .




AIRCRAFT MOTION AND CONTROL

i

. ESISTANCE
. . \

) ] ;

3
!

Figure 36 Keel Effect Tends to Right Stdeshipping Arcraft

Sweepback produces lateral axis stability in almust the same manner
as dihedral. although sweepback s not so effective Heres h()‘\: it works
When an aircraft with sweptback wings bégins to slip. thg angle ot at-
tack of the lower wing is greater than the angle of attack of the higher
wing Hence. while 1t 1s not as effective. the same kifid of additional hitt-
ing force generated by the dihedral effect is produced and the aircraft
tends to fly laterally stable However. this is not thé primary reaspn for
building sweepback into arrcraft wings Rather, it 1s more conimonly
used to locate the center of pressure in the desired position’ It often hap- !
pens. 1n designing dn aircraft, that the wings must be attached to the
fuselage at a certa;n point for structural reasons Jn some cases, if
strarght wings wereiused. the center ot pressure would be too far tor-
. ward. and the airéraft would be too noseheavy Hence, when the
designer builds in 'sweepback. he helps both lateral and directional
stability. and he alqo locates the center ot pressure where he wants 1t

! f d Directional Stabihity ’

This ty;y)c i stah‘llty tends to keep the wircratt flying in a given direc -
!
Q l . .65 .
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THEORY OF A)RCRAFT FUGHT

) Figure 37 Directional Stability
/

tion Alrgraﬁ{iemgn 1s the key to this type of Slabllll) Movement about
the vertical axis of the aircraft, you'll recall,’is called yaw Aurcraft dan
be dangnqd so that they will tend to correct any tendency to yaw Here's
how | ,

An alrcraft acts something hke a weathervane If it swings away from
its coufse by rotaung about its vertical axis (yawing). the force of the air
on th¢ vertical tail surfaces tends to swing it back to 1ts original line of

e

Relative Wind ’ o
’ A
. ' Center of Grawity f \

©
w

Side View ‘ . ~fop View

[ |

Figure 38 A:WeatMmaw Has Directional Stabilty
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thight Here again, the location of’m:(center of gravity 1s important The
side are }elund the center of grayity must be greater than the side area
i front of the center of gravity in order to prevent yaw Why” Ob-
viously, if there were more side area 1n front of the center of gravity, any
tendency of the aircraft tu rotate about ts vertical axis would, then, tend
to turn the airéraft around (see Fig 37). ,

Visualize a weathervane and you'll see what we mean (see Fig 38).
The point at which the arrow 15 Juined to the veruical upright 1s ahead of
the center of the arrow This means that there 15 more side area befund
the center of gravity than ahead of it—and the weathervane tends to face
into the relative wind.

Directional stability, agan, is the result of aircraft design. Adequate
rear fin surface provides the necessary directional stabilty.

Let's sum up An aircraftis considered to be stable 1f it tends to resist
any torce which changes its flight attitude and if it also tends to return
to its original position 1f this pusition is disturbed. A stable aitcraft. for
example, will maintain straight and level flight at a given speed witheut
the pilot touching the controls. Whije it 1s _important for the aircraft to
be stable, 1t1s also important that thg pilot be able to control the attitude
of the aircraft without exerting too much physical effort An.aircraft can
be so stable that 1t is difficult to maneuver Stability and control, then,
are tnterdependent, which brings us to odr next major topic area, con-
trol. . .

N A

Let’s start with some definitions. Controls 1n an aircraft are those
devices by which a pilot rcgulatcs the speed. direction of flight, altitude,
and power of an aircraft Control surfaces are moyable airfoils designed
to be ratated or otherwise moved by the pilutof an aircraft 1n order to
change the atutude of the aircraft Control itself 1s the name given to the
central concept behind <hese operations See Pigure 39

The problem of coptrol of an aircraft about its three axes was one of
the first majur prublems encuuntered by the pioneers of aviation The
Wrights recognized that vne of the obstacles they must vvercome was

% to control their aircraft, vhce they got 1tin the air Wilbur Wright,
su th&Mygy gues, observed huw birds maintain lateral balance by twist-
ing their wirgtips down when they hit a gust of wind He reasoned that
this twisting Mgreased the angle of attack and hence increased the
amount of hift generated This changing of the wing shape is called
wing-warping, and it was amofg the first control devices built into
aircraft .

Ailerons soon rcplaﬁd wingarping as o« more Lffective means «

|
¢

! a7 ' i




THEORY OF AIRCRAFT FLIGHT

-

Figure 39 Operation of the Rudder

controlling the aircraft’s tendency to roll Ailerons arc movable seg
ments of the arrforl located on the trailing edge ot the wing. and they
control movement of the aircraft about its longitudinal asis—roll The
pilot of the aircraft moves his stick (wheel) to the right or to the fett to
control roll Moving the stick to the left raises the lett aileron and
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ELEVATORS

- Figure 40 Operation of the Elevators

lowers the night aileron (see Fig 40) What happens® The right wing then
develops more lift than the left wing. and the aircraft banks left This
simply means that the arrcraft turns tounterclockwise :

Once the arlerons have been properly positioned. the pilot returns his
cantrols to a neutral posinon The aircraft then continues to bank untl
the prlot applies opposite control pressure ty take the aircratt out of the
bank

Increasing the hft. though. also increases the drag The wing with the
lowered aileron will generate both greater hitt and greater drag What
happens then” The arrcraft will yaw in the direction of the wing with the
lowered arleront. which 1s the direction opposite the turn being perform-
ed

This yawing tendency can be corregted In two ways the allerons
themselves can be so designed that the \}mg on the wing with the lowered

) |
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Figure 41 The Frise Alleron

»

atleron 15 decreased or the rudder can be used to uffset the tendency to
yaw. The Frise aileron (Fig 41),s designed su that the leading edge of
the aileron protrudes below the luwer surface of the wing. This prujec-
tion, then, increases the drag on this wing, and the yawing tendency 1s
overcome. ‘ .

However, the rudder 1s the primary device used tu uvercome the ten-
dency of the aircraft tu yaw. The rudder 1s a movable control surface at-
tached to the vertical fin of the tail assembly By pressing the,proper rud-
der pedal, the pilot moves the rudder of the aircraft in the direction of
the pedal he presses {right pedal moves the rudder to the right, and left
pedal moves the rudder to the left). What happens then” When the pilot
pushes the left rudder pedal, he then sets the rudder so that it deflects the
relauv% air 1o the left. This then creates a force on the tail, causing 1t to
_move to the right and the nuse uf the aircraft, then, to yaw to the left
"This yawing to the left, though, is deliberate—because it uvercomes the
tendency of the aircraft to yaw to the night in a left-banked turn  What
the pilot is really duing, then, is setting up a furce to counter the adverse
effect which occurs when the alerons are adjusted

At this point, 1t 1s probably well to puint out that the rudder dues not
steer the aircraft 1in normal flight The rudder does not turn the arrcraft,
rather, its primary purpose 1t offset the drag produced b) the lowered
aileron Clear” Let's look now at the elevators ‘

The elevators are hinged sections of the hurizontal stabilizer They
control the pitching movements aBout the aircraft’s lateral (wingtip to

. wingup) axis Like the ailerons, the elevators are controlied by means of
. the suick Unlike the ailerons, though, the elevators are controlled by
forward and backward movements of the stick Here's what happens
when you pull back on the suck the elevators are raised su that they in-
tersect the fluw of the relative wind The impact air causes the aireraft to
rotate in a tatldown position about the lateral axis (which amounts to
the sante thing as saying that the nosc is raised), and the aircraft Llimbs
When you push forward on the stick, the oppusite thing happens. the
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elevators are luwered su that they intersect the relative wind The impact
air causes the aircraft to rotate to a tail-up pusition (which amounts to
the same thing as saying that the nose 1s lowered), and the aircraft dives
These are the three basic control surfaces, then aileruns, rudder. and
elevators. Although all aircraft do not have all these surfaces, we should
point out that virtually all aircraft are flown by the muvement of stick
(wheel) and rudder pedals, which we have descnbed Certain aircraft
which do not have elevators, for example, have sectiuns of the wing
which serve much the same purpuse. Hence the pilot perfurms the same
vperations in the cockpit, and the aircrhft perfurms the same mancuvers,
but for different reasons. You may have ridden in cars }\thh hav¢ the
engine mounted 1n the frunt and uther cars which have the engine
muunted in the rear. The contruls for the driver uf both autos are the
same. but different things happen when the driver presses down un the
accelerator pedal. Nonetheless, the car performs the same maneuvers,

* regardless of exactly huw the controls are related to the engine

The three basic contrul surfaces may also have secondary control sur-
faces attached directly to them These additivnal control surfaces, called
trim tabs may be cuntrulled by the pilot ur r\La) be fixed. He uses these
surfaces when the inherent stability of the daircraft has been disturbed by
unusual loading. such as passengers in ¢ commercial aircraft.moving
around inside the cabin .

You may encounter some writers un acronautics who discdss anuther
group of contrl devices. flaps, slots, and spuilers We've algeady dis-
cussed these in the chapter on ift, and we prefer tu louk at these devices
as hft (ur antlift) devices A control dewvice 1s one which controls the
attitude of the aircraft in the air as its primary function, and the devices
we've Just fimshed discussing all o thus The flaps, sluts, and spuilers all
affect the attitude of the aircraft in the air, but this 1s actually incidental
to their primary function generating or retarding hift,

Now that you have some 1dea of thescontrol surfaces and how they
work, let’s take ajouk at how these controls work in flight You still will

have to learn a fex more terms, but we'll include these as we go alung
¥

Climbing Flight\

Climb requires power If all the available power of the engine is being
used to keep the aircraft in the air, there is nu puwer left for chimbing In
other words. when all the puwer is all bding used for forward motion,
none s left for vertical motion

You may be interested in knuwing howt to caleulate the rate of u;lunb
tin feet per minute This s actually very{simple One horse-power is
equal tu 33.000 fuot pounds per minute (see the umit on aireraft pru;{ul
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sion systems for a full discussion of the concept ofhorsepower). The
reserve horsepower in an aircraft engine is the horsepower over ind
above that necessary just to keep the aircraft 1n the air in straight angd
level flight. If we multiply the reserve horsepower by 33,000, we then
get the total number of foot-pounds per minute which can be used to
olimb the aircraft. 1 we then divide thus figure by the total weight of the
arrcraft in pounds, we get the rate of chimb 1n feet per minute The for-

mula 1s
) .
Excess Horsepower x 33,000

Weight = Rate of Chimb

-

1 “ !
For exdmple. in a hight aircraft weighing 2,000 pounds and having 20
excess horsepower, what would be the rate of chimb?

20 x 33.000 :
3000 = 330 feet per minute

What about a C-5 weighing 660,000 pounds and having 20,000 excess
horsepower? (For this comparisun we have converted the pounds of
thrust of the C-5's jet engines to horsepower)

“ .
“0'0%%0\.(083'000 = 1 000 feet per minute

.
All of these calculations. of course, are based on sea level figures.

The horsepower decreases with altitude, and other factors enter into the
calculations which make them sumewhat more complicated. The princi-
ple, howevengds the same regardless of alttude.

Another :gn you may encounter, power loading, 1s sunply the
weight of the alrcraﬁ tn pounds divided by the horsepuwer of the
aircraft.

The best speed for chmbmg is somewhere between the stalling speed
and the maximum speed of the arcraft The best Lhimbing speed: varies
with varivus'types of aircraft The une which should be used 1s that given
tn the Aircraft Operating Manual for the specific aircraft belng fluwn

Another thing to remember climbing angle and rate of chimb do not
necessarily go together An aircraft may be flying at such a high,angle of
at{ack that the reserve horsepower is very low, but it may be climbing at
a very steep angle because f its low forward speed On the other hand.
the speed and angle of attack that give the best rate of Jhimb in feet per
minute usually do not give the best angle of climb, since the aircraft 1s
going farther forward for each fuot of altitude it gains Herey the
difference between thc steepest climbing angle and the angle for the
maximum rate uf ;hmb Climbtng flight 1s flight in which the am,raft 15
gaining altitude. W hen the aircraft uperadtes at the best angle of climb/i

l{\l.c r'\} '
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MOST ALTITUDE IN A. GIVEN *
, T!ME.

BEST ANGLE OF CLIMB GAINS
‘MOST ALTITUDE IN A
DISTANCE.

/ Figure 42 Angle of Climb and Rate of Climb

/

gains the mostalttude'in a glven distance. When the aircraft,uperges at
the best rate of climb, it gains the most altitude in a given time. (See Fig
42)

Some othgr terms you may encounter which deal with climbing flight

are important, too Service ceiling is the altitude at which the maximum

rate of climb is 100 feet per minute. Absolute ceiling 1s the altitude at
which the aircraft stops climbing entirely, even though the throttle 18
wide open At the absolute ceiling, the stalling speed and the maximu
speed are'the same. This simply means that the density of the air s S0
low thatéf-he angle of attack must be increased to the maximum ¢n order
to support the aircraft, and full throttle is required to maintain Ieyiel
flight at that angle. A side effect of this high altitude is a dropping off
horsepowex: of the.engife, because of the decrease in density of the,air.
This means that less horSepower is available at high altitude than a,( sea
level, unless, ofcour’sc the aircraft is equipped with a supercharger (see
the unit on propulsion systems for a fuller discussion).

Forceh in Turns ’ .

Before we. discuss forces in turps, we necd to look at lift agamn. Lift
can be divided into two components vertical (cffc«.u\c’) and horizontal.
If the aifcraft wings are not straight and level, the wing lift ducs nout act
in a'striftly vertical plane (see Fig 43) In addition to the vcrucal cum-
ponent khere is a sideways or horizontal component with the actual hift
being the resultant of these two forces. Effective 1ift 1s4ge vertical cpm-
ponent which acts to overcume weight As you can see 1n Figure 43, the
resultarit is the actual hift, but not all of 1t gues toward overcoming
weight Figure 44 may help you to better understand why there 1s less
vertical fomponent or effective hft when the aircraft is not straight and
level,
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Figure 43 Compongents of Lift Etfective Figure 44. A Banked Aircraft Has Less
Lift Equals Weight.When a Constant Effective Wing Area Directly Opposing
. Altitude 7 aintained. . Weight,
\ |
. ‘ B

\

Let's look now at what happens when an aircraft turns. When an
aircraft is maintaining constant altitude but Is not flying in a straight
line, an additional force—centrifugal force—acts upon it. This is a
force which tends to movg the aircraft away from the center of the curve
which 'it is following. Two factors influence the size of the centrifugal
force. the airspeed of the aircraft and its weight. A third highly impor-

tant factor 1s the sharpness of the turn. These forces are combined to

Aorm a resultant force. This force acts "downward and vutward. I the
aircraft s not banked, it will $kid sideways. See Flgur 3-48 for exam-
ples of the various types of forces in turns in this discdssion.

The angie between the aircraft wings and the horizontal (horizon) 1s
called the angle of bank. When the pilot 1s flying correctly, this angle of
bank must be numerically fequal tu the angle that the resultant force
(combination of the weight and the centrifugal furce) makes with the'

vertical, _In other words, the upper and lower resultant forces must form

a stralght line. The lift must equal the lower resultant force in mag-
nitude. If the angle of bank is correct and if the lift equals the resultant,
the aircraft executes a correct turn. ‘

. ;

If the angle of bank js tou small the lift will not be acting tn a direc-
ton exactly oppusite to thd resultant of the weight and centrifugal force.
In effect, the hunizontal camponegt of centrifugal furce 1s greater than
the compensating horizontpl cum'Emcnt of Itft. Then, regardless of the
amount of lift, the aircraft|will tend to move outward, or skid (see Fig
45).
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Figure 45 Skid, Aircraft Moves Toward the
Outside of the Turn *

hgure 46 Ship, Awrcraft Moves Toward the
tnside of the Turn

1

Take a look, now, at Figure 46. Here, the angle of bank is too great,
The lift force and the resultant uf weight and the centnfugal force com-

Pc to produce a force acting inward and downward. In this example
the horizontal component of lift is greater than’centrifugal fuue and thc
alrcraft will slip to the inside of the turn.

In Figure 47, the bank is right, but the lift is too low. Since the resul-

The oppusite holds true in Figure 48. Here, the Lift1s greater than the -
resultant In this case, the aircraft will chmb, and the ne resultwnll be a
sllmbm%i:m' This pdruwlar mane¢uver reqmres a gred

forces of weight, drag, and centrifugal force. Under OF
cumstances, a truly vertical bank can‘t be madc without slipping occur-
fng. '

LRy \ [
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Figure 47 Lift Less Than Resultant Figure 48, Lift Greater than Resultant
N * L
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Figure 49 Effect of Centrifugal Force on a Turning Aircraft Litt Mhust Be increased 10
Maintain Altitude T + -

N .

|
'3 ~

‘ a conventional aircraft, because no matter how greal centnfugal fogee
may be, weight 1s always a\ctmg su the resultant will have a d()wqwa[d
coniponent :
Tarreview in oversimplified terms, tou much centrt gal force \tsults*
in a skid while too much weight or horizontal hift resgits in a s%z .

i}Ob»musly it1s almost &mpnssnble to maintain a trye vertical bank in

end

se a different
reraft Iy shown
cqual ln section

. imbalance 1n Tift means that the aifcraft will ¢jther chiab or de
Legs take angther 1pok at turns, only l_hIS time

. (W) B Unow, we have centrifugal ft)n.c(CF) as well Herke. we have to
[ CUmpu € d rfSultant and the resultant 1s greater than the lift. Now, tdke
a4 Inok gtsecton  We have moved the forces s that the difference may o
he mor rcadll) appreciated The Lcntnfugal foreg s muud to the in-#

the poin \~erc thuumght futee hcglns ln other words, we're nnssnng
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™ (see Fig 50) It may not move around a complete cirale, bug it isisull s

%

|

AIRCRAFT MOTION AND CONTROL
“X" amount of lift and, wil] luse altitude iM‘t change sumething

. Thus, if alutude is to be maintained in a turn, hift must equal weight plus

the resultant centrifugal forle caused by the turn.

Some way or other, this deﬁc:em.) in hift must be made ¥ This may
_be done by efther mcreasmg power ur increasing the yffle of attack
" The only way that you can inggggse the angle uf attack 1s& raise the nose
by the use of the elevators. That's w e said that in any turn, 1t 1s the
elevatgrs that really do the work.  * ’

¥ I3

Take another look at Figure 49. What will the rudder do in turning
flight? The rudder controls muvement about the vertical axis. therefore,
moving the rudder will have no effect except to cause the nuse of the,
aircraft tu drop alung a hne parallel to the wing—that 1s, un a diagonal
line. The ailerons, likewise, can have no effect uther than to hold the

- aircraft al the propeg bank. if that 1s necessary As a matter of fact, as
we'll discuss shortly, a slight amount of uppysite atleron ts usually
necessary in exe\.uung a proper turn. \Mth respect to the rudder,

has bcen wvercome, the pilot can remove his feet entirely frgm the rud- R
der pedals and stll continve toxpake a perfect turn. When h¢ decides to
come out of the turn, he uses :Sosuc ailerun (the aileron which 1s nut
infthe direction Jf the turn he 1s making), and he has to upe opposite
rudder For example, 1f the ptlutis confung out of a night turn{ he applies
left rudder and left atleron. |

” Now. let's go l‘)é‘ack to the use of left aileron in a right turn and Tight
aileron in a left turn When the aircraft 1s turning, it ismoving §n a circle

moving 1n a prrcular motion The wing tps, thenNescribe cdneentric
crrcles This means that the outer™ing muves farther, in the sank period

. of ime, than the inner wing. [§i1t1s moving farther in the same
ume, ‘it 1s then moving €asterjthan the inner wing Since 1t s moving
faster and is at the same angld o.f attack as the inner wing. 1t geherates
slightly more lift than the innef wing Do you see the problem develop-
ing” Here's what happeris riex |

T )ﬂ'su his additional Lift, thé pll«\t has to exert a slight pressure on

the stick t6ward the outside uf the turn " This pressure, uf ourse, shightly ‘
1bwers the atleron on the inside of theturn, and this luwering compen-
* sates for the increased hift un the outer wing and makes the Lift of the in-
ner and outer wings ‘the Same If you've been foligly ing closely, youy real-
ize that'the p{nssurgnn the stick also raises the®hileron on the vutside
wing, which decreases its hit Both actions tend to equalize the lift 1f the

ptlot did_not do this. the aircraft would bank more and more steeply as

.4
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PaTa OF LERER VING TIP

PATH OF OUTER uiKG TiP i

Figure 50 Ailerons and Turns

< ; “

long as the turn w§ continued This effect 1s called the vver-banking
tendency

T\ A final point abiut forces tn turns since the pilot is increasing his

arrcraft's angle of attack to maintain altitude during a turn, he has tofin-

crease his power to_maintan a, constant airspeed If he dues not fthe

airspeed will decreake in a steep bank This combination of incr

power and increased angle of alta;.k may produce severe stresses «

wings, lzut we'll discuss this rrybre later. !

YIH(R \{I /l()ll( N ANDTCONTROL

Do you reglly knnLv how an aircrpft flies® Most people do not know,
even thuuy t{k they understdnd it Ask yourself thege qucstmns
What 1s the up and-dpwa control of hn aircraft” The ele\atu;s you say”
You are wtong—it 1§ the throttie. What in the world 1s the speed con
trol, then’ The thmJtlc \\rung again—it 1s the elevators What turn

. the arrcraft in the air® Well\we tipped you.off a Iittle while back that 1t 1s
not the rudder. Aftér the ailkrons start the turn, the wings hift the arrcraft
around. How ddes this work” Simple—the pilot holds the suck back,
which mcreases {hé angle of attack and produces more hft

Don't takg.ouf word for it, though, Let's get an aircraft into the air
‘and adyust the co trols so that the amran flies straight apd level We'll

- assume tHat this 1s a propeller-driven arrcraft The prupcllcr interacts _
with the ak, and the arrcraft moves forward This is thrust The air mov-
mg over the wing causes-decrease 1n pressure above the wing, produc-
ing 1R/ The resistance of the air to the wing's moving through it is called
drag /The force which attracts the aircraft to the earth 1s called gravity,

‘ . \ .. - \\
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and 1t measures the aircraft's weight. So far, so goud, this is all old stuff
to you. All the forces acting on the aircraft are in balance. .

Now, we push the throttle forward, the propeller turns faster and pro-
duces more thrust, the wing moves faster, generating more ft, and the
aircraft climbs The more lift generated by the wing, the greater the drag
of the wing The additional drag balances the additiunal thrust, but the
additional lift makes the aircraft climb. Now. lfwe pull vut un the throt-
tle (reduding power), the nose will drop. Thethrottle then, is the up and
down control.

Surprised” If the throttl e up and down control of the aircraft,
what controls the speed” 1d 1t was the elevators. Here 1s how 1t
works As we cruise along, the airspeed indicator shows 80 mph. Now,
we pull back on the stick. and the airspeed drops to 60 mph. Now, we
push the stick forward, and the airspeed increases until 1t reaches 100
mph This 3how§ that the elevators really are the aircraft's speed control.
The elevators control the speed of the arrcraft because they control its
angle of attack. and you reménber that angle L%tack 1s the angle
formed by the relative wind and the chord of the oil, ur wing,

We've talked about speed, le s look. for a moment, at specd Inabit |
more detail. The impurtant thing for an aircraft is ats airspeed. Anrspeed s
is thie speed of the aircraft through the air, while the speed of the aircraft
ovey the ground 1s catled, logically enough, gmundspccd A pilot tlearns

“Yeel™ a stall coming When this atrcraft is pppmaghmg all. the
.ptlog can feel a shudder in the aircraft's wings. and he finds that the
atlerdns are so sluggish that they have little, if any, effect un the wings ~

Stall speed changes with the aircraft configu@ption It increases 1 a
turn- It decreases with the flaps down. The aircraft car sta{l in level
flight and 1n a turn, even with full power on

How does an aircraft tﬂ'n Certatnly not b) the rudder’ Some aircraft
d(\n teven have rudders An aircraft is turned by first lowering one wing
with'the aiterons and then lifting the aircraft around using the elevators.
When the aircraft makes a turn, centrifugal force tries ta pull 1t away
from thcifntcr of the turn If you whirl a stone gn a string, centrifugal
force tends to pull the stune and (‘c_ string vut of ypur hand The same s
true of an arycraft i aturn (See Fig 51) The aircraft, then, must op-
pose this pulling force, and this requires extra hift.

Right abou} now. you are probably wondering why an aircraft*has a
rudder 4t all. f it 1s not used for turming Here's why Let's put the
arrcraft Jyanght turn In the right turpethe nght wing is lowered. and
the left s ng 1s raised The Tleft g develops more Iift, and 1t dso
develops more drag This 1 sed drag tends to pull the aircraft
around i a direction oppusyle to the turn This tendency s called ad-
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' \ , Center of Turn

' ' é , Cenuimgal Force .
‘ Centrifugal Force! .

Figure 51 Centrifugal Eome n Turns

\ -
verse yaw. Tu correct for adverse yaw. the pilot dpplies pressure to the
night rudder pedal This moves the rudder to the night and consequently
moves the tail to the left This keeps the plane frum yawing That is the
rudder’s main job' to correct for adverse yaw

Now you should have a better idea of how the controls ut an aircraft
reatly work Expertenced pilots ufien say there 1s one rule that will be
the greatest help to the amateur pilot “Get that stick fofward"” Why * If
the aircraft's turn 1s too tight, it will stall The stick is your speed con-
. and your aircraft must have speed to stay in the ajr
et’s try to sum up this lengthy chapter Aircraft fly in three dimen-
. and ptlots can control jthe aircraft’s performange in all three |
Stability 1n an aircraft in fHght{¢omes from both design and operation,
and the controls in an aircraft ¢nable the pilut both to maintain straight . e
and leyel flight and to perform various maneuvers Flight controls are
almost\unnecessary in a4 properly tnimmed aircraft to nﬁnmdm straight
and levdl flight They are used under all conditions of aireraft motion
taxuing, takeoft, chmb, straight and level. turning, descending, and
landing When the arrcraft s properly trimmed for a particular
manecuver, it may be flown in that maneuver with very little need for
manual control i

CWORDS AND PHRANES 0O REMEVIBER

v longitudinal axis control surtaces
roll ™ wing-warping
lateral axis atlerons
phch stick
vertical axis Frise atleron .
yqw rudder
stability elevators
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| static stability \ trim tabs ‘ '

neutral stability resetve horsepower
positive stability power loading
negative stability best angle of climb

dynamic stability i best tate of climb

downwash

service ceiling

slip stream absolute ceiling

dihedral effective lift

dihedral angle . centrjfugal force

keel effect > anglevof bank

swecpbéck’ . skid
:  controls slip \
£ adverse yaw

THINGS 10 DO -

1 Build a model airplanc with movable cojitrol surfaces as a shop project. (Your 1f-
structor_Has a set of plans).
Perform the experiment on stability descdibed in the tdxt.

Discuss flight controls on a bajloon. )
Demonstrate how elevators and ailerons whirk by flying paper airplanes. If anb cl
members Havé controllable motiel-airplanks, have them fut on a class demonstra-
tion. Be sure they explaih the R‘rinc:plcs ifYolved in each
5 | If you look closely at the wings'on a light n{craﬁ, you wil

s

they are not exactly

| the same. One appears slightly twisted. Find out why. b

6  Suppose a fpultiengine jet aircraft with engines near the wing tips flying at
'supersonic “X:u

and an outboard engine suddenly quit. D what' might hap-
X est what aircraft designers could do to aid a pildt 1n this futuation. If
u are sturgped, ask your instructor for help. ) ¢

SUGGESTIONS FOR FL RTHER READING *
rch Inc. Private Pilot Complete Prograwimed Course. 6th ed. Los
Angeles: Acro Products Research, Inc., 1973,
Federal Aviation Administration. Flight Training Handbook Washington /US Ggvern-
t Printing Office, n.d. (AC 61-21). -
Federal Aviation Administration Pilots Handbobk of Aeronautica Knowledge
« Washington US Government Printing Office, 1971 (AC 61-23A).
* MANDER JERRY and GEORGE DirreL and HowaRD GOSSAGE the /Great Interna-
tional Paper Airplane Book. New York Simon and Schustet, 1967
SANDERSON Awation Fundamentals. Denver, Colurado Sanderson Times-Misrow, 1972

Stover H Guvrorp and J J HAGERTY Fflight New York Time Incorporated,
1965.

REVIEW QUESTIt W&

1. What can we assume about the four forces of fliight when the aircralt is flying
straight and lﬂvel'.' \ .
*

2. Match the.airceaft axis with the descrip
a. longitudinal
b. lateral
c. vertical

¢
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3. Maich the aircraft axis with its direction of rotation:
a. longitudinal axis 1. roll
b.lateral axis ~ 2, yaw -
c. 'vertical axis 3. pitch
4. True or False. An nircraﬁ\tannol rol;\le around all three axes at once.
S. The property of a body which uuses it to rturn to its origina condmon when
* disturbed is called .
6. Mnlch the following conditions of static stability with n;B'mpri te descriptions.
a. itive stability 1. neither returns nor acceleates away w(hen
b. reutral stability displaced
c. negative stability 2. accelerates away when displaced
‘ f 3. returns when displaced
. 7. Define dynamic stability. .
‘8. Slabllny along which axis is the most nmponnm" . L 4
ertical * -
v b atera} / !
c., longitudinal
LN
9. Th cemer of pressure is deliberately Jocated (ahead of/brhind) the center of
gratity of an aircraft.
“10. Define downwash.
11. The stream of air driven rearward by the propulsion system is called the
12, The wings of an aircraft will not piyvot readily about the longitudinal axis if
which axis is stable?
13. Which of the f(;llowing factors help to make an awrcraft stable along its Inler;I
axis?
a. keel effect —— .
b. sweepback
¢. dihedral angle
d. all of the above
14, True or False. The primary reason for building sweepback into, wings 1s to pro-
mote lateral stability.
15. The larger the rear fin surface, the (more/less) directional stability an aircraft
* will have. . x
16. ;Match the fo owing subjects to apgropriate definitions, :
a. controls ) name of central c4ricept )
b. con sul’fnc}s nsme of movesbldairfoils
. le. control N name of reguiating devices t‘
¢ i . y
* |19. Wilerons are (more/less) effectjve thhn wi T-rping. \{ .
1 ﬁ iy O
\ \
Q \
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8. True'or Fnlle Ailerons are moveable segments of the nrfonl located on the trasl-
ing edge of the horizontal stabilizer.

19, Moving the stick to the right lowers which aileron?
a. right .
b. left R : .
¢. both ailerons 4
d. none of the above

20. 'What control surface design nulommcnlly corrects the yawing tendency in &
roll? .
[ 4
' 21. Define rudder.

N

22. True or False. The rudder steers the aircraft ih normal flight.

23. True or False. Elevators control the pitching] movements about the aircrafi’s
vertical axis. - |

|
24. Whati is the rate of climb i in feet perminute ofa 3, 000‘Ib. aircraft with 20 Peserve
horsepower?
2. 100
\ b. 220
c. 330 .
d. 990

-y
speed and the

25. The best speed for climbing lies somewhere between the
* speed of the ajrerafi. /

26. When an aircraft operates at the best rate of climb, it gains the most altitude n 8
given (dlslance/ume)

27 The altitude at which the mlmmum rate of climb is 100 feet ger minute 1s called
the (service/absolute) ceiling.

. 28. Which of the following factors has the grellesl influenct on the size of the
centrifugal force?
a. altitude
b. density : :
. C. wing span -
d. weight

-

29. Define angle of blnk.\ ‘

30 1f the forces on a bankihg aircrdft are not in balance and the plane 15 movmg to
the inside of the turn,-it is said|to be (skidding/slipping).

31, Match the aircraft motion\ with khe appropriate control: ,
a. up and down 1. throttle v
b. speed 2. elevators

'{( C. turns 3. ailerons and elevnlors\

32. What is the rudder’s main job?

\
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Structure
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THIS CHAPTER exainines thi alrcraft itself and Fow
about the power plan}, then

parts are built and why they e built that way. First, yoi

e various,,
Wil read

fuselage and the way in which it

. Isbuilt. Albrief discussion of stresses and how they afféct
. construction will follow. We will also look, in some detall,
and tail construction, contro} surfaces, hydrauljc and e

Ajreraft
atwing,-

lectrical

systems, and the landing geéar. After you have studiegd this
. chapter, you should be able to; (1) discuss the five typesot stress: .
" whichact on an alrcraft in flight; {2) axplain how altcratt con. .
.+ "struction™counteracts these stresses; .(3) discuss the various " -
.. types of fuselage and wing Construction and point out s6me ag- .
vantages of each; (4) describe the principal parts of the Smpen-

nage; (5) list-applications of hydraulic and electrical systems in
the alrcraft; and (6) exfilain how today's aircraft tapding gear,
WOka‘ T * . .:‘ T ‘\,\"'. LT g » X
I

| {

-

~ l

. .
E'VE LQOKED at y thin%«ﬁom man's\first desire 1o fly to
controlled powered Ylight. We've discudsed the theories
dnderlying flight, and we've talfed about how an aircraft mangyyers an
the ajr. Next, let’s take a clpséx look at the aircraft itself. Yo may
‘remember from last year thesyari§us parts of the aireraft that Whre men-
tioned. Here, we plan to show youYow all the structures of an. reraft fit
together in light of what you now Xnow about why the aircrs ft flies.

e're including a diagram ofa conventional propeller.driven

©a Rc ft (Fig 52) This diagram will help you to sc¢ where airerafy parts

is -
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Figure 52 Structural Elements of an Aircraft
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AIRCRAFT STRUCTURE )

are located as we discuss them. Except fbr the propellers. a jet arrcraft
would consist of the same basic structures. , .. . \
] .
POWEH PL L Lo

Because an aircraft is a functionally desngned ine»e of equipment, 1t's
hard to say if any one component is more important than any other.
Howeven, many people will say that the power plant is one of the most
essential components for normal flight. You' [l suun be cuvering prypul-
sion systems for aircraft in another unit, so we won "t go intv much detail
on how the various propulsion systems uperate. We will merely tell.you
what the power plant does, what it looks like, and where 1t is Iocated

In Figure 52, you can see the. propelier, the engine nacelles, and the
engine cowlings. The’ propcliér as we, .noted earlier, is essentially a
curved airfoil. It provides the thrus(whrch helps sustain the aircraft in
flight. It operates because of Newton's Third Law uf Motipn (the action-

_ reaction law we've studied). The action here comes from the relation-
ship between the moving propeJler'Jnd the.air, and the reaction 1s the
» forward movement of the aircraft. The ynit un propulsion systems will

- examine the propcller at'some kength. ‘

Behind the propeller, yau'll notige the engine cowling. This Is

simply a cover for the engine. It protects the eagine and directs wohng ,
. air onto the engine Citself. L -

The engine nacelles are stteamhned contaihers for auxiliary engine
systems. Notice in the side yiew shown in Figure 62 how the engine,
nacelles continue the streamh}ung begun by the. engine wwlmgs Other

ircraft haye nacelles adapted for other purstes If yqu see an aircraft

ith “tip tapks™, ndte the shape of the fuel tanks. they, too, are nacelles.
Some aircraf have had passenge nacellcs such as the C-119 “Flying

\ Boxgar.” It had, in effect, two gre tly extended engine Qacelles with a
passepger nacelle in between Singleyengine arrcraft do not have.engine
na»elles This 19\because the £ngine IS\dll?Cth directly to the fusg:lai

‘our next major stuctural clement f
P \ J.

[

.

, FLSELAGE ' K

The fuselage 1s the main or body part of the alrcraft It carries the .
crew, passengers, cargu, instruments, and most other essential equlp -\
ment or payload. Fuselages are usually classified according to the way
the structure has been built to wnthstand all of the stresses that 1t will
haye to meet. The two main types uf construction are the welded steel
truss and the semimonocoque. The truss type of wnstru»tmn is made of
jcl tubing. and the gemimonoucoque type of construction 15 made fwm
\ ternally braced metal skn. In order to understand these twur types of

»
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' THEORY OF AIRCRAFT FLIGHT

construction Netter, you need to know something abodt the stresses
which act un ai aircraft 1n flight. First we'll look at the types of stress,
and then we'll rdturn to the types of fuselage 1n order to show you how
the fuselage 15 debigned to bear these stresses.

Takg a stick in\your hands and start to break 1t Up to thd breaking
point, the stick hasiinternal forces which resist the force you apply
These internal forces are called stresses, and they are measured 1n terms

. of force per umt of area. Stresses are expressed 1n pounds per umt'of
area (often 1n square inches) If you exert a force of 50 pounds on an

+ arca of one-half square inch. the stress 1s 100 pounds per square inch .

Five types of stress act on an aircraft ip flight tenston, comptession,
. bending, shear, and torston. Let's look at each Bne indlvidually (see Fig
53)

Tension. When you try to Break a length of rope, you exert a type of
stress which 1s called tension Tension ts the stress which tends to pull
members apart A member is any part of an arrcraft that carres a stress

88 4
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When you pull on the control cables of an aircraft, you're exerting ten-

sion. : ' |
Comyression, Compression is the oppusite uf tension msswn

is the stress which tends to push materials tugether. When you grasp a

football at both ends and push, the ball is subject tu cumpression. The

landing gear struts of an aircraft are also subject tu compression.

Bending. This type of stress combines tension and compression. Youu
put a bending stress on a bar when you grasp it with both hangs and
push the ends together, or when you ben(f papervg‘l\lp. The wing spars
(interior structural members)_are subjeated $y bending while the alxcraft
is in flight The lower side of the spar is subjected to tension, whil
upper side is subjected to compresiun. ObviVusly. some materials
break before they bend and often are unacceptple for aircraft construt.
tion.

Shear. This is the stress that is placed op a piedg of woud, clamped in
a vise, when you chip away at it with a hatamer and chisel. This type of
stress is also exerted when two pieces of metal, Bolted together, are
pulled apart by sliding, one over the other v when yQu sharpen a pencil
with+a knife The rivets in an aircraft are ir\tendcd t\carry only shear.
Bolts, as a rule, carry only shear, but sometimes the arry both shear
and tension. ! )

Torsion. Torsion is'the stress which tends to distort i)y twisting. You =«
produce a torsional force when you tighten a nut on abolt. The aircraft
engine exerts a torsional force on the crankshaft ur turbine axis. v,

All the members (or major portions) of an aircraft are subjected tu
one or more of these stresses. Sumetimes a member has alternate
stresses, such as compression one instant and tensiun the next. Sume
members can carry only une type of stress. Wire and cables, for exam-
ple, normally carry only tension. '

Since any member is stronger in compression or tension thin
bending, members carry end loads better than side luads. In urder to do
this, designers artange the members in the form of a truss, or ngid
framework In order for a truss ty be rigid. 1t must be cumpused enurely
of triangles We'll eliminate many of the technical terms assuciated-with
trusses, it's enough that you realize that the fyselage 1s designed sy that
the various types of stress are distributed thruughuut the fuselage. Mst
aircraft which have trussed fuselages use the Warren truss (F1g 54). The .
members in this type of truss can carry either tension ur cumpression.
When the load acts in une direction, every alternate member carries ten-
sion while the other members carry cumpressiun. When the luad 1s
reversed, the members which were carrying cumpressiun nuw are sub-
Jected to tension, and thuse which were varrying tension are under com-

89 . .
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l

Rgure 54. The Warmen Truse.

pression. The truss itself consists of a welded tubular steel structure v&h
longerons (horizontal members) and diagonal braces. These fedtures
make, it rigid, strong, and light.

Tht truss can be covered with a metal or fabric cover. Since we're
building our own plane, we'll use fabric. We want a smooth external
surface so that less drag will be generated. To produce a smooth surface,
the fabric cover is put on fairing strips, which are thin flat strips of
wood or metal. These fairing strips run the length of th¥ fuselage in line
with_the direction of flight. The top of the fuselage usually has several
such mcmbcrs arranged in the form,of a curve, or it may have a single

ed sheet of a light metal, such as alummum This curved upper por
" noh (called a turtle back) is simply a fairing, and its pucpose is to, cut
down air resistance (see Fig 55): :

The semimonocoque type.of fuselage 1s used in most military aircraft.
The word monocoque is French, and 1t means single shell. In the'true
monocoque fuselage, which few aircraft use, all the stresses are carried
by the shell or skin itself. The de Hawilland .Mosquito, one of the
triumphs of World War II British aircraft design, was one of the last
really notable aircraft to use this type of construction.

As 1ts name 1implies, the semlmonocoquej type of construction allows
for both the skin of the aircraft and the internal bracing to carry the

. )
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Rgure 55. The Turtie-Back Fairing.

stress The internal bracirg is made up of longitudinal members, called
stringers and vertical members called frames (sometimes called ., -
bulkheads) The stringers are attached to rings or formers which run <" ...
around"the fuselage and serve chiefly to give the fuselage its shape (see |

Fig 56). o

The semimonocoque type of fuselage is easy to build in streamlined

N
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form and, as you've already learned, the streamlined furm 1s the most
efficient shape for moving thro®gh the air. If it is built with flush nivets,
it becomes a highly streamhined budy all-metal, fireproof, and with
Jpruper protective cuatings unaffected by climauc cunditiuns For this
reasun, the semimongcoque fuselage can take cunsiderable punishment’

and still hold together. , '

The skin wtsedf 1s usually made of sheets of alummum alloy, although
plywoud has been used. In the future, we may develop plastics and uther
synthetics which will replace metal alluys as gfficient, rigid, strong and
safe skins. et

You may encounter the term load fa;tor in"your study of awcraft
structure. Load factgr simply means the load placed upon the aircraft
under various conditiuns uf flight. When an aircraft is flying straight and
level, the wing load 1s equal to the weight uf the aircraft If the pilot
pushes the controls forward or pulls them back, additional forées are ex-
erted which cHange the lvad on the aircraft. Rough air has the same
effect, although 1t generally is nut sy great as pushing furward or back on
the controls.

Aurcraft must be deSIgncd then, to uarr) not unly the loads of normal
flight but alsu thuse luads develuped in reasoriable mianeuvers and 1n
gusts. To save weight, most aircraft parts are made of extremely thin,
high quality matenal. Corrosion, rust. scratches, or nicks may weaken
them and cause structural faillure or cdllapse of the part in flight

In keeping structural welght tu a mimimum, aircraft designers always
take ulumate lvad intu account. Ultimate load is the load that causes
structural fabure. If ulnmate load 1s exceeded, the aircraft will come
apart. Ullimate luad 1s customarily fixed at about one and a half times
the maximum apphed luad. The maximum applied load is the greatest
load to which the structure will be subjected i flight The ratio between
_ the maximum apphed lvad and the uluma(e luad is called the safety fac-

tor. . D iy

Regardless of the alttude or position of an alrcraft whether it s
parkdd, taking off, flying straight and level, turning, pcx’formlng
acrobatic maneuvers, descending, or landing, stresses occur on the
fuselage structure. The truss type assembly acts like the structure of a
bridge, since loads are distnbutcd by the parts to the entire ﬂxsalagc The
semimonocoque type of cunstruction”gets 1its strength from the metal
skin or shell, which 1s, 1n turn, seinforced by the internal rings and

stringers.

®
‘

WINGS

Wing construction 1s basacall); the same in all types of_aircraﬂ The
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t:ns used to describe the clements of wing construction will look
iliar to yougsince many qf them are the same terms we've just dis-
cussed in fuselage construction. The two basic materials used in wing
construction are wood and metal - . ) > .
The main structure of a wood and fabric wing consists of two long
spars (longitudinal members) running outward from the fuselage toward .
the wing tip. Curved ribs are secured to the spars, and they are then . ~
! braced and covered with special cloth whick gives the wing its familiar
curved shape. The fabric is then painted (or “doped™) to make it tqugh,
‘sti'ong, and weather resistant (see Fig 57). : ,
Metal wings are constructed along the same general lines, except that
the ribs are genérally made of light metal, and thin sheets of metal
replace the fabric. The metal wing is obviously much stronger,
therefore, it is used most often for military aircraft and large commercial
aircraft. However, its increased weight and cost make it undesirable for
the average light transport or sport aircraft (sec Fig 58)." - _
In order to maintain its dll important aerodynamic shape, a wing
‘must be designed and built to hold this shape even undér extreme
‘stresses. To understand and appreciate the aircraft's design and strength, .
y&x’ll need to Know about the several types of wing construction. -
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CORRUGATED \ B
SUB COVERING

STRESSED SKIN —
STRINGER

ris/
SPAR

Figure 58 Construction of a Stressed Skin Type of Wing

In its simplest form, the wing 1s simply a framework composed ,
chiefly of spars and ribs. Spars, you'll remember, are the main members
of the wing. They extend lengthwise of the wing (crosswise of the
fuselage). "All the load carned by the wing 1s ultimately taken by the
spars. In flight, the force of the air acts against the skin. From the skin,
this force is transmitted to the ribs, and then it is finally borne by the
spars.

Most conventional wings, patticularly those which are cuvered with
fabric have two spars. one near the leading.edge and one about two-
thirds the distance to the trailing edge. Sume metal-covered wings may

"have as many as five spars. In this type of wing, the ribs are either omit-
ted entirely or are made up of short sections fitted between the spars. In
addition to the main spars, some wings ‘alsu have what 1s called a false
spar. The false spar carries the aileron, rather than carrying stresses.

The ribs are the parts that support the covering and maintain the
shape of the wing. The main ribs, which give the wing its shape and carry
the lift loads transmitted by the skin, are called form nibs These ribs
normally do nut carry any of the drag load. Nose ribs serve to maintain
the shape of the nose section of the wing, since the furce of the air un this
section 1s much greater than on other sections uf the wing. In addition to

»
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these nose ribs, plywood or metal Coverings help maintain the contour
of the leading edge of the wing.

A drag truss, composed of compression ribs, keeps the wing rigid in a
fore-and-aft direction. Often these ribs are simply round tubes. The
compression rib at the inner end of the wing 1s called the root-rib. Two
types of bracing wires are often used to strengthen the structure. Drag
wires run from the inner front to the outer rear of the-wing, and anti- .
drag wires run from the inner rear to the outer front of the wing. In
some wings, a diagonal strut rcplaces these two wires, since lhlS strut
may carry either tension or compressnon

If the wing is coveted with metal, the drag truss is usually eliminated
entirely, and the metal covering keeps the wing from losing its shapa. In
the metal wing, the covering itself also bears some of the stress, and this
is why it is called stressed skin.

So much for the wings themselves. Let's see how they're attached to
the’ aircraft fuselage. Three systems are used to attach the wings to the
fuselage. full cantilever, semicantilever, and externally braced. The full
cantilever wing fealur!:&'an emcmcly strong wing structure. This struc-
turé is so strong that the wings ¢an be a attachcd directly to the aircraft
without any external bracing.

In the semicantilever wing, the internal structure of the wing is
lighter and less expensive than in the full cantilever wing. Small
streamlined wires or tie rods supply strength and rigidity to the connec-
tion between wing and fuselage. Sometimes, the wires or tie rods may be
attached to the landing gear, if the landing gear is of the fixed type.

The third type of wing structure is the externally braced wing. Heavy
strut§ or spars extend from the wing to the fuselage and the landing gear.
This type of wing is even lighter than the semicantifever type of wing,
but of course the external struts increase the amount of drag the aircraft
develops in flight. This dqcrease in drag, you'll remember, will decrease
the top speed of the airct&) considerably. Fast military aircraft can’t use
this type of wing construction, but relatively slower and less expensive
types of sport aircraft use it extensively. Figure 59 is an example of.an
externally braced wing. Then what kind of a wing does a swing wing

cpifcraft like the F-111 have? If you think about 1t, you will realize it
must be a full cantilever due to the extra stresses placed vn the movable
wing (see Fig 60).

EMVPENNALE

This imposing French term means tail assembly. Its derivation,
though, is quite interesting. The French verb empenner means “'to
feather an arrow.” Why are arrows feathered? To give them greater

i
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Figure 59, An Extemawy Bmoed Wing+- - -
, R .o .‘l “ ‘ .

. stability in the air, of wgsc«%is is alsa the prm\ary funcuon of the tail
assembly We've also disaised how the control surfaces of the empen-
nage uperate in the last ohapter, all we, want to do here is to point out
where on the aircraft these surfaces are logated and also to describe the
noncontrol surface portion of the empennage . .

If you've seen pictures uf very early aigcraft, perhaps you've nouéed-
that many don't have tail assemblies. This is because the very carly Fvia-
tivn proneers didn’t understand stabulity as we do, today An aircraft
withéut a tail assembly 1s Just about as unstable as a boat without a keel'
Virtually all modern aircraft have sume sort of tail assembly But tail
assembhies, like wings, are designed with specific performancc charac- .

d teristics in mmdp .
. When you stand behind an aircraft and look at it, you'll usually see at ’
least two small winghike structures extending to the right and to the left -
*.  and one vertical structure which extends upward from the fuselage
. Look more closely, and you'll see that these structures are each divided
in half (see Fig 61). Let's look at the horizontal structure first

" The front fixed section 1s called the horizontal stabilizer. You can
probably figure out frum its name that its purpose is to help provide
longntudmal stability. In most aircraft, 1t is a fixed section, however in

Q : 6, ,.) ,
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. ‘ Figure 60. F-111 Swing Wing Positions

some aircraft it can be adjusted so that its angle can be changed to cor-
rect errors in longitudinal balance or trim. This adjustmcnt 1s called the
stabilizer control, and it is another of the “fine tuning” devices used to
balance an aircraft in flight.
The rear section is called the elevator, and we've alrcady discussed
. " what the elevator does it controls the angle of attack of the aircraft,
therefore 1t controls its speed.
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N : ' Figure 61. Parts of the Empenpage.

[N
The vemcal structure is also dwxded in half. The front section is
called the vertical fin, Its main Rurpose is to help the pilot maintain the
desired direction of flight. The principle behind its operation is much
like the principle of a deep keel on a sailboat. In some’ light, single-
engine aircraft, the vertical fin serves to offset the tendency of the
. aircraft to swing toward the direction in which the propeller s rotating.
In this case,the vertical fin is offset slightly to Sounteract the tendency of
the aircraft not to fly in a straight line. .

The reat section of the vertical structure is called the rudder We've
already talked about what the rudder does. it compensates for the ad
verse yaw an aircraft experiences in turning. We've also talked about the
trim tabs, movable auxiliary control surfaces attached to the elevaturs.

What's in the empennage? How is it held together? The vertical fin
and the horizontal stabilizer are butlt much the same way as wings. ribs
provide the basic shape, spars hold the ribs i in one unit, and stressed skin
covers the surface. Elevators and rudders are constructed much the same
way. The two stationary elements, the vertical fin' and the horizontal
stabilizer, are firmly attached to the fuselage in much the same way as
the wings are attached to the fuselage. In some aircraft, external braces .
of one sort or another help to reinforce the connection. )
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AIRCRAFT STRUCTURE
HYDR AULIC AND £ ECTRICAL SYSTEMS

These two auxiliary systems are actually among the most important of
the aircraft’s components. Your family car uses both.types.of systems, as
well The whirring sound you hear when.you turn i‘he key (activate the
starter) in the car is actually an electric_mfotor. That safe and satisfying
thump you sometimes hear when you hit the brake pedal s the hydraplic
brake system, multiplying the force of your foot and stopping the car.

~ ‘e

Hydraulics L.

The aircraft’s hydraulic system operates the brakes, lowers the land-
ing gear, and extends and lowers the flaps. In the case of a propeller-
driven aircraft, "fhc mechanjsm which controls the pitch of the propeller
may be hydraulically operated. The word “hydraulics™ comes from.

More than three centuries ago the French mathematician and
philospher Blaise Pascal stated what we know today as Pascal’s Law:
pressure exerted anywhere on ua Iiéuid in a closed container is transmitted
undiminished 1¢ all parts of the wall of the vessel‘contammg the iquid. The

pressure acts at right angles to all surfaces with an equal Sorce on. equal ..
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. - Figure 62 Basic Hydraulic System
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What does this mean? It means this. when you confine a fluid, such as
oil, in a container, the fluid does more than just transfer pressure put on
it to somcthmg clse. It multiplies the original pressure. Here's how.
assume that attached to the container of hydraulic fluid are two pistuns
and their cylinders (see Fig 62). Assume that une of these has an area of
1 square inch and that the other has an area of 10 square inches. If une
pound of pressure is placed on the smaller piston, 10 pounds (10 X 1)
of pressure will be exerted by the larger piston. This is true because the
pressure applied on the | square inch surfate of the small piston will be
transmitted undiminished ty each of the 10 square inches of the surface
of the larger piston. In addition, pressure applied to one piston in a hy.
" draulic system is transmitted undimimished to all pistuns throughout the

system. This is how you apply pressure equally to each of the four brakes
on a car. If you've ever used a lever to pr‘haa rock (See Fig 63), you
know that you can exert more force than you cduld if you tried to lift the
rock directly. This is called mechanical advantage, which is the same
“principle used in hydraulics. . RN -

Because energy.cannot bfwted r destroyed, there must be a loss
somewhere in the large piston. Like the lever unider the rock, the loss
comes in the distance and speed the large piston travels. Refcr gain to
. Figire 62. If the small piston travels downward 2 inches, the large
piston will travel only one tenth that distance or .2 inches. This is
because the area of the large piston is 10 times the area of the small

¢
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Figure 63. Mechanical Advantage of a Lever
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piston (2 + 10 = .2). You can readily see'that if the large piston gav'els
only 2 inches during the same time the small piston travels 2 inches, the
large piston must be traveling more slowly. ’
By using the mechanical advantage gained in the hydraulic system,
the pilot can exert great pressures on aircraft control ‘systems or struc-

" tures  Aircraft have hydraulic pumps to generate the hydrauljc pressure

Tmecessary to operate the various components of the aircraft.

. P

Electrical Systems

An aircraft in flight also makes many uses of electricity. Radio com-
_muhicanon depends oh electricity. The propulsion systemy generators
charge storage batteries, magnetos provide current which spatk plugs
convert into sparks that in turn ignite the fuel mixture which keeps the
propulsion systém operating, solenoid switches uses electric currents
from batteries to supplement the pilot's muscles. making 1t possible to
operate large switches, valves, and mechanical devices from the cockpit.
Electric motors further increase the power at the disposal of the pilot.
They help him start the engines, and they may help him uperate the flaps
or change the pitch of the propeller if these last two aren't hydraulically
operated In fact, these electric mpfors can be adapted to serve alfhost

-anywliere that power is required.

. UANDING GEAR ., . o

Without landing gear, the grinding and scraping of a battered
airplane fuselage on the runway could be very hard on the ears. Ob-
viously, the landing gear only comes into use during takeoff and land-
ing .The Wright brothers however were more concerned with getting
their airéraft off the ground than with landing it safely. Their crude
landing.gear consisted of a ski, or runner, which slid_down a greased
track on the takeoff and merely skidded along the ground on landing.
This type of landing gear oreated a great deal of friction on takeoffs and
failed to absorb much of the shock of landing. For our purposes, the:
two main functions of the landing gear are. to assist takeoff and to ab-
sorb the shock of landing. ) . X
" ,Landing gear may be classified as cither fixed or retractable. As the
name implies, fixed landing gear remain in the same pusition even while
cruising at altitude. More thrust is required tv uvercome the additional
drag Most light aircraft today are equipped with fixed type landing
geat Ballogn type, low pressure tires are used extensively on this type of
landing gear to help absorb the landing shock. ‘

In order to eliminate the drag of the landing gear during flight, on
most larger aircraft the wheels and struts are usually retracted into the
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aircraft. The landing 'gCa‘r may be retracted into various places in the
aircraft depending on where the landing gear is located. For example, in
some aircraft, the landing gear retracts. outwardly into the wings In
others, the landing gear retracts inwardly into thé wings, the fuselage, or
the engine nacelles. Regardless of the type of gear, it must be designed to
absorb shock. - ot S v .
The mostcammon type of shock absorber in use today is the oleo
strut, oleo refers to vil. Oleo struts are shock absorbing ﬁes using
This type of shock absorker is part of

o1l to cushion the blow of landing.
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Figure 64. Principle of Oleo Strut Operation.
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the main strut supporting the whegls and is composed of an outer
Cyllnder‘ﬁtung vver a piston. The piston 1s on the end of a short strut at- 't

. tached to the wheel axle. Between the piston and a wall or bulkhead 1n™

the outer cylinder 1s a space filled with o1l. The impact of the landing

pushes the piston upward, forcing the il through a small vpening in the

bulkhead 1nto the chamber abuve it,.cushioning the shuck (see Fig 64).

To aid in controlling most aircraft'on the ground, the main wheels of

the landing gear are fitted with brakes. The left and right gear brakes

operate independently. Brakes are used to slow up a fast rolling aircraft

. and as an aid to steering and parking an aircraft on the ground. For ex-

ample, pressure on the left brake and shghtly advanced throttle will

cause the aircraft to turn to the left around the left wheel. Aircraft brakes

, aren't used as often as automobule brakes, however, because the weight

and speed of the aircraft vften can cause vverheating, warping, ot pussi-

ble destruction of the brake mechanism.

Should a brake “lock™ on landing, the ure could wear thru in a sec-
ond or two and contnibute to a loss of control. For this reason, large
aircraft now empluy a safety device called antiskid which prevents the
wheels from lockipg. If a wheel starts to Ship, the antiskid releases the
brake untl the wheel 1s no longer skidding and then brake pressure 1s
again available for braking. Ideally the antiskid will hold the Iandmg

, /. Wheels at a point just before lockup so that maximum slowing is
" availablé without a locked wheel skid. ¢ )

Anuskid also works where the surface 1s shippery such as on,patches
of ice. As with many things pioneered in the aviation industry, antiskid .
is now being adapted to automobile use. Let's look at landilg gear
whéel arrangements.

Three major systems of landing gear placement are 1n use today. the
conventional, the tricycle, and the bu.yclc The conventional landing
gear consists of two main wheels and a tail ‘wheel. The center of gravity
. . _ of the aircraft 1» behind the main wheels, which are ]oc.ated'wward the
front of the aircraft. The tricycle landing gear, as you can guess from its
name, has three wheels, two main wheels and a nuse wheel. This type of
landing gear makes the afcraft easier to handle on the ground and 1t
alsu makes landings much safer. Visibility 1s improved. Additionally,
any tendency of the aircraft {0 veer to one side ur the other when 1t 1s
rolling on the runway 1s compensated for by the natural tendency of the
center of gravity to follow a straight line. The aircraft then tends to 8u
straight ahcad, rather than to one §ide or the other. ,

Bicycle landing gear 1s found un certan arrcraft which have engine
pods, rather than engine nacelles (Engine pods are engine nacelles
slung beneath the wing). The two main units are set up 1n tandem, vne
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behind the other, and on many heavy aircraft, each unit may have multi-
ple tires. (The C-SA has 28 wheels.) Auxiliary wheels on the wingtips
such as on the B-52 or U-2 provide additional support on the ground
. -Large transport aircraft, equipped with bicycle landing gear, are ex-
tremely heavy, requiring more wheels so the load can be distributed
more widely over the runway. This protects the landing field <
. This chapter covers the external parts of the aircraft and their opera-
tion. parts all work together to make the whole aircraft fly Power
plant, R ¢, wings, empennage, and landing gear are all equally
Anecessary to the successful operation of the machine The hydraulic and
clectrical systems provide the means to aperate the aircraft systems But
the pilot 1s the smrost important “system” of all. The well-trained pilot’s
primary job 1n a well-designed and properly thaintained aircraft is to
manage all of these complicated systems and subsystems, and he does
this primanly by means of his “*know-how" and his aircraft instruments,
our next major topic.

3 “
\\\()RDD AND PHRAMSTO REMEMRER |

engine cowling
engine nacelles
fuselage

stresses

tension

member
compression,
bending

shear . T
torsion ¥

truss » *

Warren truss
longerons + ' -

fairing strips

."turtle back

semimonocoque
stringers

bulkheads

rings

load factor

ultimate load
maximum applied load
safety factor

spars’

false spar

ribs

drag wires

antidrag wires

stressed skin ’
full cantilever wing *
semicantilever wing
externally Braced wing
empennage

tail assembly
horizontal stabilizer
stabilizer ‘control
vertical fin

Pascal’'s Law
mechanical advantage
landing gear
oleo struts,
antiskid

conventional landing gear

tricycle landing gear
bicycle landing gear
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THINGS 10 DO

Go examine an aircraft Point out the various parts and explain what they do. If you
are unable to see a YR arrcraft, use a detailed model

Visit an aircraft facturing plant.

Perform experim demonstrating tension, compression, bending, shear, and tor-
sion )

Compare the electrical and hydraulic syRem of a car to those on an airplane. Do the
same for an automobile shock absorber system and an arrcraft fanding gear.

Find out what hydroplaning i1s Does 1t also apply to cars?

SUGGESTIONS FOR FURTHER READING

BRYAN LESUE A Fundumentals of Avtation and Spuce Technology Urbana, 111.. Institute
- of Aviation, University of Illinots, 1973.

’ Cessna Aurcraft Company The Magic of Muking Airplunes Wichita, Kan'sas Cessna

Atrcraft Company, n.d.

MCKINLEY JAMESL and RALPHD. BENT Busic Sm:me of Aeruspace Velucles 4th ed, New

York. McGraw-Hill Book Company. 1972

MISENHEIMER TED G Aerosctence. Second Edition Los Amgeles Aero Products

Research, Inc. 1973

SANDERSON Awatiun Fundumentuls Deaver, Colurady Sanderson Times-Murror, 1972,
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[++9 . REVIFW QUESTIONS
The propetler: < -
8. provides thrugt .
b. is essentially a curved airfoil
¢. works because of Newton's Third Law of Motion - "
d. all of the above - : :
. — 4
Nathe two functions of the engine cowling. - e L7
, ¢ ‘ ‘
Define engine nacelles. LE
The main or body part of the aircraftis called the .
Match the type of stress with the appépriale actic;n:
a. tension 1. folding
b. compression . 2 shaving . '
¢. bending 3. twisting
d. shear o 4. pulling . .
e. torsion S. squeezing . N

True or False. Although some members of an aircraft are subjected to more than
one type of stress, some can only carry one type of stress.

Trae or False. Members are stronger in bending than they are in tenslon or com-
pression. . ’

N

Name three good features of the Warren truss.
s - - .0 ¥
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9, The (welded slecl trm/semlqmnocoqx'{lype of fmelnge
aircrafl, . 5

. ".
P .

10. Deﬁne load hctor. . 5
L)

11, The greatesy load an nircnh ‘Mll have to .arry in flight i} called the:

a. maximum’spplied load ; . . “
b. ultimate load .- . O “
S . C safety factor 1' . " . . v .
. . d. all of the above .- oy 7‘ T *
¢ ' »

used more than once). R ‘ -
a. longerons - - ‘
' b. fairing strips -
N cs ) .
d. mgen o
- e. ribs h N
13. Rather than carry stresses, the carries the aileron.
" Match the type of wing construction to the proper
a, full cantilever v 1. used on relativaly inexpensive aircraft
* b. semicantilever | 2. uses streamlined tigrods” ~ | .
* c. externally-braced ° . 3. extremely strong pifig structure i
715, What is.the ‘prlmlr! funclit.m of the tail membly_(or empennage)? ' .
L ., ) K .
18 Matc ghe' hppropﬂvc fixed and movabje airfoil sections: * ’ . AN . C
R a, wing . . . 1~ ejevators - . ‘: . . Ty -
BN .,.b ‘yertigal fin . . 2. ailerogs = - A N
L~ Ve mimurmbaizer *3. vudder w. : L -
o ¥ e N ’ M -e . . o
w’ v

L1 Apmmx(nh a five square inch areafs mnwe&k}lrnl plly 1o one with l"ﬁf
teen squsre jach area. Jf the five inch piston is moved with“two pounds of \
pressure, how much pressnre. will be exeﬂ:d by the larger piston?,.

S, * . )
318. In the example sbove, if the sinaller plslon travels six Inches. hmv far will the . )
. Ilrgtr one travel? . . . . .
. . NS ‘e . . R
19. Nnme‘. (h'ree pses for ele trlcnf.sy.stems in n{rcnh. ! * <
20. An sircraft-with'retractable lnhding gear wit tequire (mare less) shrust lhln J‘ v
similar craft with fixed gear. T R * b

-
‘

. 21. ., )’thi is lﬁe most common type of landing gcar shock sbsorber? .

12.| A device dedigned to keep llronh wbccls from tecking on hnding is c'hlled (m- ™ .
., tifock/antiskid): . . . s
' 4 \ “' P " d‘v ¢ * “
O A . 106 AR . -
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23. Which of the followlng landing gear nrnagzments has a.n08 wheel*
. conventional v . .

b tﬁcycle . . v o. " ..‘ < .—)\ . .
c. bicycle * - ) N ' )
i «

I3

N . M
. s

. 24. When the p4in units are sét up one behind the 'ot'lm. the al:knh is said to have
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THIS éHAPTER introduoes youto basiq al(craftinstrumems. You

will tead about how instruments may be classified. You will then
examine engine instruments, navigation instruments, and flight
instrumants. After you ‘have studied this thapter, you should be
able to: {1) discuss various ways in which instruments may be
clgssified; (2) tell what eacti class of instruments does and how it
works; and (3} explaln haw several fllght oontrm instruments are
-, used.

.

+" B , H oo ’,
.y ~ ’ Ve s . . ’r s 14
. ’ B

WHAT A LOT of dials and gauges! How can one man possi-

bly keep'track of all of them? I could never to do anything like
that. I have a hard time readmg the gauges on m) car,” This might be
your reaction the first time you take a long hard luok at the instryment

pane) of a modern-day aircraft (see Fig 65). Taday's autontobyle has |

several gauges with which you dre probably familiar. speedwmeter,
odometer (mileage indicatur), fuel gauge, temperature gauge foc warn-
ing light), oi} pressure gauge (or warning light),, and, possibly, a

tachometer (engine speed gauge). You may alsu,see sume uther sw itches

apd gauges as well. heater cantrols, ventilation controls, air condition-

ing controls, windshield wiper control, light switch, puwer antenna
control, clock, radio, stereo tape deck, and the hist cyuld go further.
You don't think that this is an excessive number of controls, primanly
because’you're used to seeing ail of them and kmmmg what thuy do. (If
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-« AIRCRAFT INSTRUMENTS . - .
you’re just learning to drive, relax, this wilL'ai! become second nature to
you.) , o T
* Thé pilot in today’s aircraft is tnuch like you when you're,driving. he'
knows where his insiruments are and whav they do. He just has more in-
struments to watch, because an aircraft is a mbre complicated prece of *
machinéry than an automobile. Iff this chapter, we will disciss varjous
classes of instruments, their operation, and the infprmation the plot
gets from them Wa're sure you will agree that instruments in an aircraft
« are not as ‘confusing as most people think they are. Like eacly °.
automobiie instruments, the first aircraft inﬁ;uments‘yerc.very simple.,

'

. -
‘e .\'_/ e . ' . . ¢

TS EARLY ATRCR AR RINSIRGVIFA 4 e

i - The carliest fifers had to rely on thgir senses ag there iv'ere: no flight,
instruments  Although they were very primitive by today's standards, *
many early instruments proved o be ade'quatc_ for low and_ sfow™ -
aircraft. | > o7, ] oL LD e

Speed of the aircraft was first judged by the force of the wind on the
pilot’s face and the whine of the wind through the rigging. Hthe pitch of

b}

. the wind whistling through the Wires was right, his speed was correct.

Early airspeed indicators were merely wind gauges and tuday’s airspeed,
indicators still use the impict of the outside air in measuring airspeed.
: R s ] " relanie ‘m@‘ TN OF FLIG

DIRECTION OF FLIGHT . -

.

2 nm 7.‘ ' ‘ .““,/'
« ¥ STRING INDILATES -
| ! FUEL GAUGE o * AimcRART'S AYTITUDE"
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' . Rgure 66 Early(turcrah Instromants |
L . . N
‘ W
! :l Y [ ,\
. . . A Y ¢ '
e " e o~ L) ~ .




THEORY OF AIRCRAFT FLIGHT

.

». When you could see farther than you intended to fly. a heading in-
digator and navigation instruments were unnecessary luxuries.
* Simslarly, alumeters weren't of much value when the aircraft could get ‘
only a few feet off the ground. Like the airspeed instruments, altimeters
and heading indicators today use basically the same principles as those
first developed. :

Do you retognize the instruments in Figure 66" While it was possible .
to estimate how long your gas would last, it was also very easy to forget
to check takeoff time and then have tu guess when the gas would give
out. The problem was solved by putting a stick with a‘cork on it in the
_gas tank. By tying a piece of colored string to the top of the stick,
arfother safety feature was added. When the strlng disappeared. it was
|~ time to land.

The attitude of the aircraft was extremely cmlcal in earl) aircraft.

’ Some early pilots solved part of this problem by tying a piece of heavy

string to the aircraft. If the string was flying straight back. the pilot was,
doing fine. However if the free end of the string was off to one side, he
was either in a skid or a slip.
Thesg early instruments were designed to give the pilot specific infor-
o\ mation-about the engine cr the attitude of the aircraft. All aircraft in-
struments can be classified Qccording to how they assist the pilot.

\ N s INSTRUMENT CLASSIFICA TION '
¥
. Alrcraft m§truments are classified either in terms of their use or in .

terms of the principle underlying their operation or construction We .
plan to discuss these instruments 1n terms of their use, but we also will
. explain some gcncral principles underlying their construction
However, what the istruments tell the pilot is far more important than
how the instruments work. ‘ N
Instruments classified by their use fall into threc major groups
engine Instruments, navigation instruments, and flight instruments
Engine instruments keep the pilot and flight engineer aware of engine
speed (measured in revolutions per minute, or rpm). engine tem-’
peratyre, o1l pressure, fuel supply, fuel flow, manifold pressure, car-
buretor pressure, and the ll\ke‘ Navigation instruments, which help the
pHot find his way from point of departure to destination, include the
clock, the compass, the dizectional gyro, the driftmeter, the sextant, the
radio, radar, loran, doppler. radio direction finder. and so forth
. Flight instruments inform the pilot of his altitude, the anrspccd and the
attitude of the aircraft. When you 1ook at the instruments in this way.
+ you can see that each une has a separate functional purpose and that the
. pilot gains_ uscful information from all of the instruments. In other

3
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\ Figure 67. The Gyroscoe.

v

" words, even though the instrument panel of today's aircraft looks dom-
plicated and confusing, today’s pilot needs to know all of the informa-
tion which the instruments give him. )

Instruments can also be classified by their principle of operation. The
three'major groups are mechanical (inclyding gyroscopic) instruments,
pressure instruments, and electrical instruments. We won't go into any
lengthy explanation of the finer details of how these instruments are

* conistructed or why they operate. The important thing for our purpose 1s

~ to tell you what information the pilot gets from his instruments.

Some mechanical instruments work by means of a direct mechanical

\, jnkage. For example, a gear system may be attached directly, to the
~ ¢ngine of an aircraft'in order to give a reading on a gauge of how fast the

L engine is operating Other mechanical instruments work on the princi- .
. " ple of thé.gyroscope (se¢ again.Fig 65). = . v .
) - Because the gyroscdpe is used so extensively in flight instruments, we
will review briefly how it operates. A gyroscope consists of a heavy

wheel mounted so that it is free to rotate on its axis within a frame. This

. frame is designed so that‘the gyrd' cah mgve in one or both of the axes
perpendicular to the axis of rotation. Two principles underliethe opera-

tion of the gyroscope. rigidity‘ in space and precession. Rigidity in

o | tiﬁ..Blfn T :i
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space is the characteristic that makes a gyroscope point constantly to the
same direction in space. For example, if you held the gyroscope in
Figure 67 by the base, you could move the base to any position, but the
gyro would still point in the original direction. Precession is the charac

teristic that makes the spinning part of the gyrbscope move at right
angles to the force of the weight apphed to it. This description is greatly
oversimplified, of course, but these are the principles that make a
gyroscope a useful tool to the pilot and the flight engineer Because it is
not influenced by magnetic disturbances, it is cxlrcmely useful in head-

ing indicator instruments. .

" Pressure instruments work on the principle of a fluid such as air ex-

erting pressure. We discussed this at some length in the sections dealing
with lift and the atmosphere. Air has weight, and hence, it can exert
pressure. Pressure decreases with height, and pressure instruments use
this principle to tell the pilot various things about the performance of hjs
aircraft, e.g., altitude and airspeed.

Electrical instruments operate on the prmcnples of electricity, in-
cluding magnetism. You probably have studied electricity and magne-
tism in some of your other classes. Also, it is covered somewhat in other
units, so we won't go into those principles here. Electrical instruments
often take the place of mechanical and pressure instruments and are
being used more and more in modern aircraft.

ENGINE INSTRUMENTDS

As aircraft engines have developed and become more complex, the
number of instruments the pilot needs to"keep track of engine opera-
tions has increased. The purpose of the engine instruments is to keep the

pilot informed of the operating conditions of his engine The engines

used 1n the early days of aviation generated comparatively little horse
power. These engines required only a tachometer, an oil temperature
gauge, and a water tcmpcrature gauge. The modern reciprocating engine
requires all of these plus ‘gauges which show oil, fuel, and manifold
pressures. Indicators which show the temperature of the air, the carbure
tor, angd the cylinder heads are also necessary.

The tachometer tells the pilot the speed at which his engine is revolv
ing (see Fig 68). The mstrumen}' itself may be either mechanically or
electrically operated, depending on the size of the aircraft and the nurh
ber of engines involved. Because reciprocating engines run best at cer-
tain engine speeds, the pilot needs to,be able to tell, at any givert instant,
how fast his engine 1s running. Another reason the pilot needs to know
engine speed 1s that he has to kcep his engmc at the proper opcratmg
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Figure 68 Typical Aircraft Engine Instruments . .-

\

speeds so that it doesn’t “conk out” and leave the aircraft without any
source of thrust. '
The temperature gauges tell the pilot the temperature of the engine
Qil, the engine cylinders, and the carburetor intake air. If the engine oil
temperature exceeds certain limits, the engine will overheat and possibly
‘be put out of commission. If the engine cylinder temperature 1s either
too high or too low, the engine will not run efficiently. The pilot needs
to know the temperature of the carburetor intake air in order to make
sure that the air will mix properly with the fuel. If the intake air 15 too
cold, the carburetor may “ice up”, that is, the water vapor in the air may
freeze in the carburetor, and the engine, in turn, may not get enough
" fuel. . 4 )
The pressure gauges tell the pilot the pressure of the engine oil, the
* fuel, and the manifold. The pilot has to know the pressure of the engine

>
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oil as well as its tgmperature. The oil pressure gauge tells him the
pressure in pounds per square inch at which the lubriating oil is beirg
supplled to the engine’s moving parts. The gauge which shows fuel
pressure is really telling the pilot the rate of flow of the fuel from the fuel
tanks. Naturally, he needs to know this in order to figure out how long
his fuel supply will last. The manifold pressure gauge provides the pilot
. with a good indication of the power being developed by the engine. The
manifold pressure gauge serves to measure the density of the fuel-air
mixture entering the engine, and this dénsity can give the pilot a good
indication of the power which thé engine can develop. !

Do you know why so many aircraft systems operate under pressure?
Really, it's quite simple when you think about it. Unlike an automobile,
an aircraft may operate on its sidé or even inverted for long periods of
time. A gravity fuel system would soon result in fuel starvation leading
to a very frightening silence. An engine that is properly lubricated only
in an upright position would not last fong. In aircraft, pressure systeins
offer the unly means of i lnsunng that all 5ans will continue to operate in
any attitude. .

Another important gauge for the pilot is thc fuel quanmy gauge.
A This gauge may be constructed in one of several ways, byt no matter
4 how it.is built, it tells the pilot how much ‘fuel he has’ or board his
aircraft so that he doesn’t run out. :

There pre many other aircraft engine gauges. As engines become
more complicated, more gauges are required. The gauges we've Just dis
cussed, though, are basic tQ rccnprocatmg engines.

~

NAVIGATION l\\le\!F\ls f’

Because You will be covenng an entire unit on navngatlon which con-
tains a chapter dealing specifically with navigation instruments, we'll
discuss this class of instruments only briefly here. Althdugh modern

“aircraft have many navigation instruments, virtually all aircraft have

four basic navigation instruments. a clock, an airspeed indicator,'a com
pass, and an altimeter. The navigation book will discuss the construc
tion and functlon of each of these instruments in some depth, and it will”
also point out why each of these instruments is essential to the safe pilot.
ing of the aircraft through the air, from take- off to landing. Some addi
tional information on instruments can be found in Civil Aviation and
Facilities.

We would do well to point out here that the line betwccn navigation
instruments and flight instruments is sometimes hard to dtaw. Certain
instruments are clearly navigation instruments and nothing else. Other
instruments, usually classed as ﬂlght lnstruments are of grcat help in
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AIRCRAFT INSTRUMENTS

navigation Sometimes, these instruments are called navngatlonal aids
(navaids for short). However, it might help you to bear in mind this ds-
tinction between the twe classes of instruments. JMavigation nstruments,
give the pilot a pmturc &f where his aircraft is in relation 10 the earth,

flight instruments, on the other hand, tell the pilot where hé i§ in rela-
tion to the hOl‘lZOﬂ Let's move on, then ‘and cxammc flight instru-
ments. e o, y .
< ' 4 “ s PR

v
) " '

FLIGHT INS]‘RU\IP}NT\ ]

P

This class of instruments helps inform the pilot of his alrcraft s at-
titude with reference to the horizon. We just mentioned the fact that'it 1s
sorfietimes hard to decide which instruments are flight and which are
navigation instruments since certgin instruments servé two functions.
The airspeed indicator and the altimeter are examples of this sort of in-
strument. 'Phe alrspegd indicator i§ ream Megsuring the sQeed of the im- -
pact air; hence itis a flight ifstrufniént, because the pilot needs to know
how much lift his aircraft is dévelopmg LiR, you'll temember, 1s
dlreéﬁy proportional to the velocity of the raatlve wind. the greater the
relative wind, the greater the amdunt of lift that will be generated, with- |
in practical llmxtatmns, of course. The alrspeed indicator, then, enables

-the pilot'to, keep the dirspeed of his airgcraft above the stalllng‘speed (the
speed at which the- wmgs no longcr generate enough lift to keep,&he
aircraft aloft). -.

Similarly the, altlmeter cdn help the pllot ‘}udge thb. hel hit of thc
aircraft above a given refercncc point. Since air den§lty varies wnth
altitude, the altlm'cter can provide the pilot with inférmation about tlfc
densﬁy of the air through which his a{rcraft is flying. Lift varies ditectly
with air density, you'll remémbex. the less dense the air, the less,hft WLH .
be developed, all other factors remaining equal. ‘ g

'n »

The tarn and bank indicator is a trae ﬂlght insttument. It is the .

pilot’s chief tool in]ud ing how well ke makes a turn. Examine Flgure
69 and you will see why it’s often cplled a needle and ball. I’t is actually
two~ mstrumcnts in one whigh work togethér with one purpesc to
evaluate the amount and the quality of a turn. A§ you remember, a turn
tequires some degree of bank to prevent slipping or sknddmg The nee-
dle angd ball tell the pilot at a glance if he is making a coordinated turn
which simply means he has the correct bank for the rate of turn. This rc-
quires the proper combination of ailerons and rudder. Here's how lt
works. \’ I
The necdle measures the direction and the rate of turn. The ball tells
the pilot whether the aircraft is Slipping, skidding, or turning properly.
As long as the pilot keeps the ball in the center of the glass, and assur-
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Figure 69, The Turmn and Bank Indicator (“Needle and Ball”),

ing that he is usmg the rudder properly, he can be suk that the angle of
bank 15 correct for the amount of turn his af}craft is making (see Fig 70)
If the needle and the ball are on the same side, he is slipping and needs
to increase his angle of bank. If the needle and ball are on opposite
sides, the aifcraf.is skidding and he must decrease his angle of bank
Thc rate of climb indicator tells the pilog the rate (in feet per min-

COORDINATED TURN

Figure 70. A piiot can use the  Noedle and Ball' Indicator to sae how well he is making a
turn.
£
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Figure 71. Rate of Climb Indicator.
+

ute) at which he is gaining or losing altitude (see Fig 71). This instru-
ment works on the pressure principle. it is actually measuring changes in
barometric pressure and registering these changes as a rate of climb or a
rate of descent We pointed out earlier that there is an important distinc-
tion between rate of climb and angle of climb. this instrument regusters
rate of climb or descent, rcgardl&ss of the attitude of the aircraft.

Actually, several instrumerits work together to tell a pilot he's chmb-
ing or descending Let's suppose the pilot is sleepily flying along assum-
ing everything is going smoothly. Then, without his realizing 1t, the
aircraft starts to climb or descend. What instruments would serve to
warn the pilot” As we,just discussed, the rate of climb indicator would
show the change. Similarly, the altimeter would show a change in
altitude Another very important instrument in this case is the airspeed
indicator Without a change in the power setting, aifspeed will decrease
during a climb and increase during a descent. An alert pilot, upon not-
ing.a change in any of these instrument readings, wilt automatically
check the others Another instrument, the artificial horizon, not only
supplies climb and descent information, it alsu gives detailed turn and
bank information. ) .

.
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Climb Descent . - Loft Bank Right Bank
Figure 72. The Atificial Horizon.

The artificial horizon is a gyroscopic instrument which shows the
pilot the relationship of his aircraft to the true horizon. Take a look at
Figure 72. The miniature aircraft is fastened to the center of the instru-
ment and moves with the aircraft. The horizon line in the background
moves so that it remains parallel to the true horizon at all times By
means of this instrument, the pilot can tell whether he is flying straight
and level or whether hels climbing, descending, bankinggo the right, or

. banking to the left.

Many aircraft have many more instruments than those we've just dis-
cussed. Both civihian and military authorities require that aircraft have
certain instruments to make sure that pilots will be able to fly safely
We've simply hut the high spots of aircraft instruments, pointing out why
several of the more basic instruments are virtually a necessity to today’s
pilot.

’

WORDS AND PHRASES 1O REMEMBER

engine instruments tachometer
navigation iffstruments temperature gauges .
flight instruments ressure gauges ’
mechanical insttuments fuel quantity gauge .
gyroscope turn and bank indicator :
rigidity in space needle and ball '
precession - coordinated turn

. pressure instruments rate of climb indicator
electrical instruments artificial horizon

s
v

THINGS TO DO

o

1 Examune the instrument panel of an aircraft . .
2 TheC-5and C-141 have advanced instrument systems which cumbine many instru,
ments See if you can find out how these work
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3 Try to fiy'a flight stmulator and seehow the controls affect aircraft movement.

4. Find out what instruments Lindbergh had in *The Spirit of St Louts™. . tor
& 5 Haveaclass brainstorming gession 10 ‘predict what future arrcraft instruments wili v
be like . .

6  Many times during and immediately after takeoff, the ball 1 the turn and bank -
< dicator will be off center evén though the wings are level. Find out what causes this
and how it 1s corrected. . .. , .
7 Operate a gyroscope. Demorstrate precession-and nigidity 1n space.

' SUGGESTIONS FOR FURTHER READING

Acro Products Research, Inc. Private Pilot Complete Programmed Course” 6th ed. Los
Angeles: Aero Products Research, Inc., 1973, N -
BRYAN, LESLIE A. Fundartientalsof Aviation and Space Technology. Urbana, H.: Institute,
of Aviation, University of Wiindis, }973. -
4 . " Federal Aviation Administration. Flight Training Handbdok Washington: US Govern
ment Printing Office, n.d. (AC 61.21). T, .
KERSHNER, WiLLIAM K. The Advanced Pilot’s Fligh Manual. Ames, Towa: Iowa State
Unfiverstiy Press, 1970. . . ‘ ‘ .
* MCKINLEY, JAMES L. and RALPH D. Bent _‘Bach Science of Aerospace: Velu'dc.‘ 4th ed.
New York. McGraw-Hill Book Company, i972. s
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REVIEW QUESTIONS .

1. True or False. The earliest fliers relied more on their senses than they did on in.

4 struments. . . . ]

2. One‘of the earliest attitude Indicators was a; -
a. turn and bank indicator’
b. gyroscope [ . -
c. plece of string ' '

d. jar of water - C oy .

»

.

‘ . L ' '
3. Three major groups of instruments clmsified accordingto thelr useare _____, .
3 N ‘!Id ot N

v ¢ -
. .

, 4. Which of the following grouph of instruments Is not classified according to Its,
princlple of operation? : e -

a. mechanical

b. gyroscopic

¢ electrical . ce

: . d. pressure ! \ .. P

-

5. " What two characteristics of a Kytoscope make Jt a usefal tool to an aviator?
6. Trwe or False, Altitude bs usually measured with an electrical {ngiryment. v
N e ¢ N

7. What kind of gavge(pressure and/or (amperature) would You need to properly .
monltor the following engine parts? ' :
a. carburetor intake gir

»

.
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b. fuel . R .
c. engime oil

d. eagine cylinders

¢. manifold

. N

8. Give two reasons why aircraft engine sy:ten;s should be under pressure

9. An instrument used to tell the aircraft location is called (= flight instrumest’ 2
: nee* and ball/ & navigation instrument).

10. Name two instruments that are both flight and navigation instruments,
¥

11. Define coordinated turn.

) 12. Match the following terms and definitions: .
a. alrcraft above horizon ° 1. needle left, ball centered

b. slip, . 2. descent
¢. nate of climb indicator 3. gquantity
.t d. fucl gawge 4. too much bank
¢. coordinated tura . climb i
f. skid _ 6. feet per minute ~
g airspeed increase 7. too little bank N
#
» 13, What instruments quld warn & pilot if he's descending? -
1
w s 1 3 ' N
-

~
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SUMMARY

Now that you've finished reading this.book, let's see how much
ground you've covered. Put bneﬂy you've looked at the how, when, and
why of aircraft flight from man’s earllest known attempts to fly to the
basic design and opetation, of today’ s heavier-than-air craft.

As a starting point, we discussed Newton’s Laws of Motion and
Bernoulli’s Pninciple because these basic physical laws are the first clues
to understanding what makes an aircraft fly. We also took our first look
at ift, weight, thrust, and drag—the four forces which, when in'balance
with one another, keep aircraft in straight and level, unaccelerated
flight. ; '

The next logical step was to examine the earth’s atmosphere since this
1s where most heavier-than-air craft operate. We defined atmosphere
and discussed 1ts composition and structure and the propemcs of the at
mosphere as they affect aircraft flight.

In chapter 3, we got down to cases as to why a heavxer than-air craft
can get off the ground and travel through the air. Here, we discussed air
folls—what they are, how they are designed, where they are on a plane,
and what their function is in relation to flight. We also showed the rela
tion between the physncal?zw discussed earlier and the use of airfoils to
produce lift. .

After studying lift, we looked at the other three forcesYweight, thrust,
and drag, as they affect aircraft flight. We examined how an aircraft can
be designed to control these forces and put them to use in a check-and
balance relationship, dnd we discussed what the pilot can do to control
or counter these forces. We also looked at the effect of lift, weight,
thrust, and drag on the movements of helicopters.

Up to this point we were talking about aircraft in straight and level,
unaccelerated flight. But aircraft can maneuver and change speed, so we
turned to the subject of aircraft motions and how they are controlled
First, we looked at the three axes of rotation, the way the aircraft moves
around them, and the terms that describe aircraft rotation about each
axis. From the discussion of axes, we moved to the concept of stability
You learned what stability 1s and what controls are used by the pilot to
maintain stability about all three of the axes of rotation while manéuver
ing his aircraft 1n various directions. You also saw how the physical
prninciples mvolved 1n stablllty are refated to the way the pilot controls
the aircraft. N

In the next chapter we concentrated on the aircraft itself—the how
and why of 1ts donstruction. First, we looked at the power plant and
learned the names and functiuns of its components. Next, we examined
the two main types of fusclage construction and, to better understand
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. THEORY OF AIRCRAFT ,FLIGHT oot

the reasons for these types of construction, we discussed the stwssm which
act on an aircraft in flight. Then we looked at the wings, the empennage,
or tail assembly, the hydraulic and electrical systems, and the landing
gear,

Finally, we introduced you to the basic aircraft instrurhents. Here,
you learned how instruments are classified, what the function of each
classification is, and how each’class of instruments works,

Of course, we don't expect you to be able to go right out and fly an
aircraft just from reading this book, but'you should have a better under-
standing of how an aircraft gets into the air, what keeps 1t in ﬂlght and .
how it gets back down to earth. s

M
3
s
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Glossary .
- . ) A t .
* absolute pressure-The pressure of air relative to zero _pressure,
measured by means of a column ofmrcury
acceleration-The change in velocxty per unit of time.
adverse yaw-Tendency of a turning aircraft to be pulled around in,a
direction opposite to the turn, caused by increased drag on the hlgher
wing and corrected by use of the rudder.
ailerons-Hinged airfoil segments lacated on the trailing edges of wings, .
used to praduce a bank or rolling movement about the longitudinal
axis of the aircraft. .
air-A gaseous fluid which has mass and oc<:up|es space, composed pri-
marily of pitrogen, oxyger:ﬁ:er vapor, and rare gases.
airfoil - Gencrally, any part o
. lift-
xirspeed Speed ‘of*the aircraft through the air.
* airspeed indicator- Pressure instryment which measures auspeed
altimeter-Pressure instrument which measures altitude above a stan-
dard reference point (usually sea level for light aircraft).
angle of attack The angle bctwcen the chord of an airfoil and the rela-
. tive wind. .
angle of bank- Angle between thc aircraft wings and the horizon, degree
*of roll atound the longitudinal axis.

ircraft which is de§|gxlcd to producc

angle of incidence-The angle at which the alrcraﬁ wing is fastencd to .

the aircraft’s fuselage (when viewed from the snd;)
antidrng wires Internal, bracmg wires running .from\thc inner front to

.~ the-outer rear of the wing. '
antiskid-Braki ety feature which prcvents the wheels from lucking.
artificial horizon- ic instrument which shows the pxlot the

relationship of his aircraft to the true horizon.
aspect ratio- The ratio between the square of the span of an atrfoil and
its area or between the length and wxdth "of a wing, a measure of wing
efficiency.
atmosphere The body of air whxch ‘surrougids the earth, consxstmg of
_ layers or zones.
attitude - Position of an aircraft (anrfonl) with mpcct to the horizon.
axes of rotation Three fixed lines of reference, each of which passes
through the center of gravxty of an alr?'aﬁ-and is perpendicular to the
otfier two. \ )

LI
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bending-Type of stress which combines torsion on one side and com-
pression on the -other side of the member. .

Bernoulli's Principle- As the velocity of a fluid increases, its pressure
. decreases; also called Bernoulli’s Law of Pressure Differential.

best angle of climb-Where the aircraft gains the most altitude in a given
distance; used to clear obstacles.

best rate of climb-Where the aircraft gains the most altitude in a glvcn
time.

bicycle hnding gear-Where the two main landing gear units have_
wheels set up one behind the other, used to distribute the load ‘more

. evenly, generally on heavy transport aircraft.

boundary layer air- Very thin layer of air next to the surface of a moving
airfoil, ‘

bulkheads; Vertical mcmbcrs of the fuselage frame used for internal

bracing,

burble point-The pqmt at Wthh lift begins to decrcasc sometimes

called angle of maximum lift.
bu:bling -Where the air no longer flows smaothly over an anrfonl and it
* breaks away from the surface forming eddies. ‘

-~ \
. . Yy
. C

camber -The characteristic curve of an airfpil's uppcr surfacc (uppcr
camber) or its lower surface (lower camber).

center of gravity The point at which the total weight of an aircraft is
assumed to be concentrated.

center of pressure-The point at which thie total force actmg on an in-
flight aircraft is assymedato be concentrated.

centrifugal force A force which tends to move an aircraft away from the
cénter of the cyrve it is following.

chord- An imaginary straight line drawn through an anrfonl from its lcad
ing ea%c to its trailing edge.

compressibility That characteristic of a fluid which pemlts lt to occu-
py varying amounts of space.

comprmion -The stress which tends to push-materials together

- control-The central coneept of guldmg an aircraft.

, controls-Devices by which a pilot regulates the speed, dlrectlon of .
flight, alﬁtudc and power of an aircraft.

" control surfaces Movable sirfoils designed tv be mtatcd ot otherwise

moved by the pilot of an aircraft irf order to change the attitude of the
aircraft, —_— -
conventional landing gear Landing gear consisting of two main wheels
and a tail wheel.
. coordinated turn A turn where thc pilot uses the proper ombination of
ailéron and rudder resulting in the proper bank so that the aircraft
doés not slip or skid.
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' fniring An auxrllary structure added to an anrctaft compohcnt in ordcr )

D . .

»

4

. density-Mass per upit volume. -

dihedral-Where the outer ends of the wings or hgrizontal stabllzncrs of
an aircraft are higher or iower than the inner ends. s

dihedral angle-The angle at which the wmg slams from an 1mag1nary
line parallel to the ground. .

" directional stability- Tcndency to keep the anrcraﬁ flying in a gnvcn ’

directiort and prevent yaw (movemerit about thé vertical axis).”
downwash-The slight downward movement gwen to the relative wind
wheh it, passes over an airfoil. .
ag-Thc force which tends to retard an anrcraﬁ‘s progrcss through the
air; caused by the resistance of air; the opposite of thrust.
drag wires-Internal bracing wires runmng from the mncr tear to the
“outer front of the wing.
dynamic stability-The tendency of an a'xrcraft to return to its original
posmon with a minimum of oscillations and Without pllot assistance

- - N v
.

¢ -

3 E- ‘ : R

- _ effective, 1ift-Vertical component of lift whnch acts to, oppose and

overcome weight, -
electrieal instryments- Instrgmcms which use clcumcal scnsmg dcvnccs
to dctcrmmc the magnitude of change. .
qlevatoxs -Hinged sections on the trailing cﬁgc of the horizontal
, stabiitzér used to control movement about the lateral or pitch axis.

’ empennage-‘l‘ﬂc tail assembly of an aircraft, incldgles ﬁxed and mova-

ble scctlons N ~

) jengine cowling-A cover for the engine. - Y

engine jnstruments-Instruments used by the pilot to kecp track ,of

.-

-

. cngme operating condmons & T,

en{:x: nacelles-The strcamlmed containers used to housc the cngmc
iliary systéms._

_equilibrium-A state in which all the forces’ actmg on a body are m

‘balance with one another.
extemaﬂxbraced wing-Wings braced by external struts ot braccs con-
nccted to the ﬁxsc}ag:\: laqdmg gear L

1) ..

togive it & streamlined shape.

fairing strips-Thin flat stnps of wood, or mctal usod in fusclagc 00n
struction. «

false spar-A spar . dcsngncd' tu »arry ‘the anlcron rather than to carty ng
stresses.

ﬂaps A muvablq section un'thc tranlmg cdgc of the wing used to change

ooy L st
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_1the afrfoil camber and control lift, used primarily for takeoff and

;= ~iafiding for added lift at low airspeeds.
flight instruments Instruments used by the pilot to determme alrspeod

altitude, and attitude of the aircraft and to detect any changes, used

primarily in aircraft control. o
ﬂuid A substance which may be made to change shape W
plying pressure to it. — =
force-Power or energy exertegggamst a material body in a given direc-
tion;, has both magnitude and direction.
Frise aileron-An crofi designed so that when the aileron is ralsed the . :
Jeadmgcdgc protrudes below the lower surface of the wing, increases
- “drag and acts to overcome thé yawing tendency.
full cantilever wing Wing attached directly to the alrcraft without ex-
terhal bracmg , /

1

| gravity-Weight; the *pu ofa bod mm ,

f groundspeed-The speed Craft.over the groynd, it has no bearing

j on airspe ﬁr/sr?fg‘: \

] gyroscope-A’ cavy wheel free to rotate on its axis an¥ mounted so that
it can rotate in two or more axes perpendicular to the axis of rota-

»--/ L L e
tlon ‘ e . ‘/
€ R H . . . / ~
horizontal stabilizer- The front section (usually fixed) of the horizontal

portion of the empennage, these two small winglike structures help
provide longitudinal stability.

Hydraulics Systems designed to use the mechanical advantagc obtained
and transmitted using liquids in a system of pistons and cylinders, . —-

= e

I

impact lift Lift created by the impact of the relative wing striking the
lower surface of an airfoil, dn application of Newton’s Thitd Law.

induced drag- Drag caused as a result of creating (inducing) lift.

ionosphere Upper atmosphere extending from roughly 55 to 250 miles
altitude; contains many ions (glectrically charged particles).

‘ J
4 « '

jet str\am ngh speed, globe-cireling wind located riear the tro-
popause; usual speed. is 100-300 miles per hour.

K . -
keel effect Lateral axis stabilizing factor caused when more of the
aircraft’s side surface, is abave the center of gravity than below 'it, .

often produced by a. large vertical tai /surfacc . : ’
128
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landmg gear-The undcrstructurc which supports the weight of thc
airplane while on the ground, wheels, skids, pontoons, skis, etc.,
which assist in takeoff and absorb the shock of landing.

lateral axis-The pitch axis, it extends crosswise of the aircraft (wingtip
to wmgtlp) through the.center of gravity.:

lateral axis stability- Tendency of an aircraft to resist roll and to return
to straight and level flight if the force causing roll is removed.

leading edge-The front portion of an airfoil which meets the relative

* wind first.

lift-The supporting force induced by the reaction of air with the wing, it
acts perpendicular to the relative wind in an upward direction, the
force which acts.to overcome weight.

load factor-The load placed upon the aircraft under various conditions
_of ﬂlght expréséed in “G" factors, itis greatest during acrobatics and
" high-stress maneuvers.

longerons-The principal longitudinal structural members in a fuselage. .

longitudinal axis-Roll axis which extends through the center ofgravity
lengthwise of the aircraft (nose through tail).

longitadinal axis stability -Tendency of an aircraft to resist changes in
pitctr and to return to stranght and level ﬂlght if the force causing
pitch is rcmoved

o M

mass-The quantity of matter in a body. . .

mechanical advantage- The use of a machine (é'.*g., a lever, pulley, gear,
or inglined plane) to exert greater force than a man could through his
direct efforts. _

mechanical instruments- Aircraft instruments which work by means of
a direct mechanical linkage or by means of a gyroscope.

member-Any part of an aircraft that carries a stress.

N

nacelle-A streamlined container for shcltcrmg or housmg an aircraft
component.

navigation instruments Instruments which help the pllot determine his
position and navigate to his destination..

needle and ball-Turn and bank indicator, flight instrument used to
evaluate the amount and quality of a turn.

negative stability-The tendency of a body to accelerate away from its
original state ofce its equilibrium is disturbed.

neutral stability- Tcndcncy of a body to neither return to its original
state nor to mové further away once its equilibrium is disturbed.

Newton’s Laws of Motion-Three laws devised by Isaac Newton to ex
plain inertia, accelcratlon and equal and opposite reaction (See page
. ‘ .
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oleo struts-Shock-absorbing devices using oil to cushion the impact of
landing. )

\
0 . Y
P .
parasite drag-All drag components except thése caused by induced -
drag; composed primarily of ski’rl friction drag and turbulent flow
drag. .

Pascal’s Law-Pressure ¢xerted anywhere on a liquid in a closed con-
tainer is transmitted ungdiminished to all parts of the wall of the vessel
containing the liquid.’ s

payl(_)a'd‘Gcn?rally, the contents of an aircraft exclusive of fuel, crew,
and otheratems necessary to operate the aircraft. )

pitch-Rotation about the lateral axis of an aircraft or displacement
along the longitudinal axis, controlled by the elevators. (Also refers
to the angle a propeller blade makes with its plane of rotation).

»

_planform-The shape of a wing or an aircraft as seen from directly above

or below, .

positive stability-Tendency of a body to return to its original state
when its equilibrium is disturbed. € .

power loading-The weight of the aircraft in pounds divided by the
horsepower of the aircraft. .

precession-The characteristic that makes the spinning part of the ™

'gyroscope move at right angles to a force applied to it.
pressure-The force exerted by a fluid, measured in force per unit area.
pressure-differential lift-Lift created by the application of Bernoulli's

Principle; faster moving air over the upper surface of an airfoil

causes a decrease in pressure on the upper surface, creating lift, .

pressure gauges-Instruments which indicate the amount of pressure in

some system, ¢.g., oil or fuel. . )
pressure instruments-Instruments which work on the principle of a
fluid such as air exerting pressure, by sensing a change in atmospheric
* "pressure; for example, altitudé and airspeed can be measured.

.
3

"‘.‘;,Q - ©OR .
rate of climb indjicator - A pressure instrument which tells the pilot how .
fast he’s climbing or descending in feet per minute.

“relative pressure:A measurement of pressure relative to the exiétmg'

outside pressure. : _ o
relative wind-Dirgction of airfloy past an airfoil relative to the path of
flight; it is always parallel and opposite if direction to the path of
. flight,’ g @
reserve horsepower-Horsepower available over and above that re- |

quired for-straight and level flight. . N
130 .
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resultant The sum of two ur more forces, taking i mto as.count both thclr
magnitudes and their directions.

ribs-Parts that support the cuvering and maintain the shape of thc wing.

rigidity in space- Propcrty of a gyroscope which causes it to pppose any
force that tends to change its plane of rotation and puint constantly in
the same direction in space.

rings - Members used in semimonocoque construction which run
around the fuselage and serve chicfly to give the fuselage its shape.

roll-Rotation about the longitudinal axis of an aircraft or displacement
along the lateral axis; controlled by the ailerons.

rudder-A movable control surface attached to the vertical fin of the tail
assembly; it controls adverse yaw.

S

.safaty factor The ratio bétween the maximum applied load and the ulti-

**mate load. ' £

semicantilever wing-A wing of lighter internal structure than the full
cantilever wing and one that uses light wires or tie rods either inter-
nally or externally for bracing.

semimonocoque type of construction-Fuselage construction using both
the skin of the aircraft and internal bracing to carry the stress.

service ceiling- Altitude at which the maximum rate of climb is 100 feet

* per minute.

shear-Side stresgsuch as that exerted on a rivet holding two pieces of
metal together when an effart is made to pull the metal apart by slid
ing.

skid-Sideward motion of an aircraft caused by insufficient bank to
ovércome ccntnfugal force.

skin friction drag-Caused by the friction between the outer surfaces of
the aircraft anHl the air flowing over the surface.

slip-Sideward motion of an aircraft to the inside of a turn caused by too
much bank. (Aflso the pilot can induce a controlled slip by applying
rudder and ailkraon control pressures in opposite directions).

[

slipstream The stream of air driven rearward by an aircraft’s propul-

sion system.
slot-A movable or fixed section on the leading edge of an airfoil design-
ed to help control airflow.
slug-The unit of mass used in.the United States.
span-The distance from wing tip to wing tip of an aircraft.
spars-Main load carrying members running lengthwise of the wing.

spoilers-Small surfaces on an airfoil designed to spoil the smooth flow’

of air over the airfoil and reduce the amount of lift generated.
stability Property of a body (aircraft) which causes it to return to its
original position when its equilibrium is disturbed, without
assistance from the pilot; also called static stability.
stall-The position of an aircraft or an airfoil in which it no longer
generates lift. _ . .
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stalling poilt Point where Jift is no.longer sufficient to support the
' aircraft jn the air, .

static’stability-Seersmbility.. . -

stick- Aircraft control used (g move clevators and ailerons, also can be a .

wheel.
straight and level Assumed to mearfytraight and level, unaccelerated

fhght, where the aircraft is maintaining a constant altitude and is not .
accelerating or detelerating, the forces of ﬂ:ght are in balance, norre

lated to attitude or-angle of attack of an ‘aircraftfairfoil.

stratosphete-Zone of the atmosphere extending from approxxmately 10

“to 55 miles in altitude;.middle atmosphcrc ]

stressed skin-A metal aircraft covering (Skin) which bears some of the
stress.

stringers Longit mal internal bracing members used in semimonoco
que type of lage construction.

supercritical wing- ng dwgned to reduce buundary layer separauon
and shock wave in the transonic spéed range.

sweepback- Wing design where wing leading edges are angled or swept
back toward the tail assembly, allows the designer to improve both
lateral and directional stability.

. ! ‘
. » N T r/' .
achometer.Instrument which registers the speed of the engine in
evolutions per iinute.
ta assembly Empenngge the rudder, elewaio;é and homontal and
vertical stabilizers.-
tenperdtnre gauges- Instruments which indicate the temperature of the
. oll, engine cylinders, carburetoréntake air, and so forth.

tension-stress which tends to pull memberg apart.
thrust Force which gives an aircraﬁ forward motion, the opposnte of

mblies and a nose gear. ™ v

nding gear Landing g sisting of two mam_ wheel
orsion-Stress which tends o dlstonZ:wstmg

. / trailing edge The rear portiori of an airfoil at which the upper surface

airflow rejoins the lower surface airflow.

trim tabs Small secondary control surfaces used to make fine adjust
ments in aircraft.control,

tropopause The border be oposphere and the stratosphere.

;ropoaphere Lowest layer, of the atmosphere from the surface upward to
approximately 5 + 10 miles; where most aircraft fly.

truss-A rigid framework.

turbulent ﬂoy drag Drag caused by anything that interferes with the

streamline flow of air about the aircraft,
turn and bank indicator-A gyroscopic flight instrument Used to

evaluate the amount and quallty of a turn, needle and ball.
PO |
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" turtle back-The curved upper portion of internal fuselage construction
designed to cut down air resistance.

U
ultimate load-The load that, if exceeded, will cause structural failure.

\Y <
velocity-Rate of motion in a given direction. |
Venturi tube-A tube with a constriction or narrowed portion.
vertical axis-Yaw axis; it extends vertically thru the center of gravity.
vertical fin-Fixed front section of vertical tail structure.
vortices-Whirlpools of air which trail out behind each wing tip, created
by the higher pressure under the wing trying to flow over the wing tip
to the lower pressure area on top; they are frequently violent.

»
. . - v

Warren truss-Welded steel fuselage truss designed so the members can *
carry either tension or compressich.
weight-A measure of the pull of gravity on an object. the opposite of Iift..
wing warping-Changing the shape of the.wing to control angle of attack
and lift. ' -
. . s
Y »
yaw:Rotation about the vertical axis of an aircraft or displacement
along the longitudinal axis; controlled by the rudder.
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absolute pressure, 19 conventional landi
ng gear, 103
m‘“’ﬂyg‘“‘; & %0 coordinated tum, 118
allerons, 67-77 )
alr, 14-15, 17, 19-22 D

airfoll, 25-27, 31-41

airspeed, 79 davincl, Leonardo, 2-3
, Aairspeed indicafor, 119 denshy. 19-22, 36-37

%e of a::laﬁzg-ao .33-34,.49 d:hedral angle, 64

sngle of bank, 7475 directional stability, 65-67

angle of incidence, 30 dirigible, 4-5

angle of maximum lift, 35 downwash, 61
drag, 5, 9-10, 47, 53-54, 78
drag truss, 95

drag wires, 85
dynamic stabillty, 60, 63
I |

: E
average effective iift, 73
axes of rotation, 58-59 - electrical systems, 101

. . elactrical instruments, 112
8 elevators, 70-71, 77, 97
95-98

bending, 83-89.
Bemoulll, Daniel (See Bemoulli'i Princi-

ple)

, Bemoulli's Principal, 8-9.2940 33, 41
; best angle of climb, 72-73 extemally braced wing, 95
best rate of climb, 73

bicycle ianding gear, 103104 . F
boundary layer air, 43-52 . .
bulkheads, 91 fairing, 50, 90
brakes, 103 . . fairing strips, 80
burble point, 35 . {alss spar, 84
burbiing, 34,37 flaps, 40
" ’ flight instruments, 112, 116-117
c fluid, 17
force, 67

* camber, Gzoe.orza 31 47 m-gﬂ‘
Cayley, George. 4 ) -| Frise aileron, 70
ot of seasuro, 2438, 58 foel quanity geuge, 112:116
centrifugal force, 74-77 . full cantilever wing, 85
Chanute, Octave, 4
26-28 G

chord,

climd, 71-73
climbing angle, 72.73 glider, 4, 37, 39
compressible, 17-18
compression; 88-89

ERI

Aruitoxt provided by Eic:




. >

gyroscope, 113-114 . - . o]

H oleo struts, 102-103
heticopter, 52-54 T P
horizontal stabilizer, 96 .
¢ hydraulics, 99-101 asite drag, 49, §1
's Law, 99-100
. i payload, 87
impaalm 32:33;35, 47 planform, 38
induced m 4749 s positive stability, 59
inortia, 5-6 - power, 7
, Instruments, 108, 111-114, power foading, 72
ionosphers, 14-15 - . power plant, 87
. . preeessm.711.23
- . pressure, 1
. hves 200 Mowions Law s 3537, 47
- v %00 's Law]
Jetstroam, 15 . pressure differential (See\pressure
. .7~ ] ditlerential (i) .
N K - . Pressure gauges, 115—11(2‘ 6 '
. - pressure instruments, 114-14 . h
keel effect, 64-65 propelter 87 o
L T o R ,
landing gear, 101-104 ‘ rato of climb, 72-73 ’
Langley, Sarmuel, 4 o rate'of climb indicator, 11&119
- isteral axis, 58 - ¥ i relative pressure, 19
|ateral axis stability, 63-65 relative wind, 28-29 ™
Law of Inertia, 8 ‘Y _ | reserve horsepower, 7.
leading edge, 27 ‘ - resultan, 35,73, AL
ﬂﬁ‘ 910, 3%-‘3;, 23-54 73, 78-79 bs, 83-95 . 1
ienthal, 3 fi in spacs, 113—114 . . ?
load W'go M'TYQ - v
W, rons, 90 « - . I'O(l 58-59 - .
= Jorgrtudinal 68-59 rudder, 68, 70-71,77, 98 .
longitudinal axis stability, 61, 63 ) . .
lower camber, 28 . s S *
. ~ ~ ‘ - -
M safety factor, 92 4 v
— ‘semicantilever wigg. 959019% -
: semimonocoque, .
Many, Charles, 4 «{ senvice ceiling, 73 *
mass, 7 shear, 85-89 ¢ .
. ‘mechanical advantage, 100-101 N skid, 74-76, '112 '
mechanical instruments, 113-114 . skin friction drag, 49-50
membérs, 88-89, 91 slip, 75-76, 11289‘
Monqolﬁor.JoséphandEtieﬁne.s <" | slipstream, : .
pstream, 63
Montgomery, John, 4 . slots, 39-40 .
P slug, 18-20
N span, 38-39, 49
’ spars, 93-94 -t
> spoilers, 39-41
nacelles, 87 stability, 59-67
navigation instruments, 112 ' stabilizer control, 96-97
needie and ball, 117-118 stall, 36
negative mblllty 59 stall speed, 79
neutral stability, 58 stalling angle, 35
< Newton, lsaac (See Newton's Laws) stalling point, 36
Newton's Laws of Motion, 5-8, 10, 32, 41, | static stability, 59
48, 87 stick, 68 ¢
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straight and level, 30 .
stratosphere, 14-15
stressod skin, 95
stresses, 88-92
stringers, 91
. supercritical wing, 51-52
- sweepback, 64-65

y S |

tachometer, 114-115
tail assembly, 95-08
A temperature, 16, 20-21
temperature gauges, 115
tension, 88-89
throttle, 78-79
-7 thrust, 8-10, 4647 . ,
tricycie landing gear, 103
. Toricelli, 18-19
* torsion, 88-89
trailing edge, 26-27
trim tabs, 71
tropopause, 15
troposphere, 14-15 .
89

{russ,
turbulence, 34
tutbulent flow drag, 49

turri and bank indicator, 117-118

turtle back, 90

~
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, U
ultimate load, 92
upper camber, 28 .
v
vacuum, 17
velocity, 7 .e

Venturi tube, 8, 30-31
vertical axis, 58-59, 66
vertical fin, 98

vortex, 39

vortices, 39, 47-49

w

Warren truss, 89-90

water vapor, 14, 21

weight, 7, 9-10, 45-46, 52-54
welded steel truss, 87 o
wing. 78-79, 92-93

wing area, 37-38

wing spars, 93-94

wing warping, 67-68

Wright, Orville and Wilbur, 5 .

-, Y
yaw, 58-59, 6667 C. -

yawing tendency, 69-7Q
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