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Introduction

The subject we are studying is called aerodynamics, wheeamstthat it has to do with

A ad and motion. You may findproductive to imagie how araeroplanewould act in

the absence of air and then realize that the difference between that and what happens in
the presence of air is what we are studying. In the absence of agraplanewould

simply fall toward the center of the earth.tivias upside down when dropped it would
remain so, if dropped tail first it would fall in that orientation, etc. It you spun it, say like

a Frisbee, it would spin around its CG, but otherwise fall. If you started it pitching it
would also rotate arountiés CG while falling, and so arBuchmotions are called

tumbling.

In the air anaeroplanedoes noftall or tumble In air, aeroplana tend to fly straight and
always with the front forward and the tail behind. At air shows you may have seen
aeroplane slice tail first, but only for a second or two, then they right themselves and fly
nose first. The study of aerodynamics must explain all this as well as the obvious topic of
lift, and the unfortunate one of drag.

This text was written specifically for studem the Professional Pilot Program &elkirk
College lt is tailored to students interested in becoming pilots, not engineers. The
objective of this text is to help pilots understand how an airplane flies in order to pilot it
more effectively. There sbme math involved but no complex calculus or algebra. Many
graphs are used to present the relationship between two factors, for example velocity and
lift. When faced with a graph it is important to examine it to see whether the relationship
between the ements is linear, exponential or otherwiBeit it is also important to

consider what other variables are involved and what assumptions have been made about
their values when the graph was plotted. In the case of velocity and lift for example angle
of attack, and air density must remain constant in order for a graph of lift vs. velocity to
have meaning. But when flying an airplane a pilot wowdtinormally keep angle of

attack constant and thetia lies the dilemma of sorting out the interplay of factors

involved. The only solution to this is considerable time and effort spent thinking through
the interplay of factors.

Another form of mathematics used in several key parts of this text is trigonometry. The
relationship between angles and the sides of agl& especially rightingle triangles is
exploited frequently to deduce relationshimsch as gorceand bankin a turn, and

thrust anddrag in a climb If you are rusty on your basic trigopnometry it would be wise
to review it before reading this text.

The other mathematical form used in this text is vector diagrams. It is important to be
aware of the method of adding vectors by drawing thettotipil. The same technique is
used my textlavigation for Professiondilots for adding the vectors TASdwind to

obtain GS and TMG. In this text we will frequently add the forces lift, thrust, drag and
weight. By adding these vectors we will discover many things about the performance of
an airplane.



Advanced knowledge of physics is not required to undetgtas text, but it is assumed

that the reader has studied High Sashool phys
well as basic concepts in physics such as moments, i.e. torque. More complex topics such

as energy and work are touched on but are ndicalito understand aerodynamics.

This text is supported by a website on which | have mounted several interactive
simulations that clarify many topics in aerodynamastime permitd will add more.
Thewebsite is located ahttp://selair.selkirk.ca/Training/Aerodynamics/index.html

| hope you enjoy this text. More important | hope you become fascinated by
aerodynamics. It is undeniably true that you can fly an airplane without knowing any
aerodynamics (lots of pilots do.) But knowing how and wgghwork can make you a
more efficient pilot, and if you take it far enough it will make you a more accurate pilot.
It an extreme case @ould saveyour bacon; more likely it will just make you feel better
about your professionalism.


http://selair.selkirk.ca/Training/Aerodynamics/index.html
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Aerodynamics for Professional Pilots

Aerodynamics

The word aerodynamics meaais in motion Aerodynamics is important to many human
pursuits from automobile design ski racing. In thidookwe will consider
aerodynamics as it affects the design and fligl#esbplans.

The overall objective of thisookis to help you understand how yaaroplandlies in

order to fly it better. The discussion is intended féwtpj not engineers. The

mathematics used is simple. As much as possible | will try to exgdsodynamicsising

visual imagery rather than equations and graphs, although some of those will be needed.
In order to keep things easy to relate to the famiirars of pounds, feet, and knots rather
than kilograms and meters are used throughout.

Aerodynamics is a branch of physics, and as you know physics attempts to explain

everything from billiard shots to nuclear explosions. Humans have sought to understand

physics since before recorded history, but it was not until Isaac Newton that a coherent
explanation arose. Since Newtonds time the s
the theory of electromagnetism, the theory of Relatiatd Quantum Mechanicghe

good news for us is that these additions are not required in aerodynamics. Everything you

need to knovandunderstand aerodynamics is contained in what physicists call

Newtonian mechanics.

Unfortunately fisi mpl ed Ne whegreatesihmindsdnc hani c¢cs i

history (Plato, Aristotle, and everyone el se
laws. So we should not be surprised that even today it is not natural to see the world as
Newton explained it to us. As citizens of thé'2énturywe ar e al |l taught New

laws; even so | will take considerable effort in the following pages to guide your
understanding of physics from anademidorm into avisceralform. Sometimes people
actually find it painful to let go of their instinctive befis about how the world works, but
if you will take this journey with me you will reach an understanding of how your
aeroplandlies andwill be able to answer the obligatory Transport Canada exam
guestiongo boot; most important of all you will becom®etter pilot

The ARul esodo of Physics

Examine the followingVebPages
http://selair.selkirk.ca/Training/Aerodynamics/newtonl1.htm
http://selair.selkirk.ca/Training/Aerodynamics/newton2.htm
http://selair.selkirk.ca/Training/Aerodynamics/newton3.htm
http://selair.selkirk.ca/Training/Aerodynamics/reactldnhtm
http://selair.selkirk.ca/Training/Aerodynamics/reactinag.htm
http://selair.selkirk.ca/Training/Aerodynamics/conservation.htm
http://selair.selkirk.ca/Training/Aerodynamics/vacuum.htm
http://selair.selkirk.ca/Training/Aerodynamics/rotation.htm
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Lotsofpi | ot s nihtelleciudd subjecks éke physics. All the equations and obscure
terminology is a turn off. This book is written for syalots and asa resultakes a

straight forward approach that wéllow you to grasp what is importantpgdoting and

forget the rest.

To understand aerodynamics you must accept the followinglgig of physics

1. A body at rest will remain at rest. A body in motion will remain in motion.

2. Force equals mass times aecation (F=ma)

3. For every action there is an equal but opposite reaction.

4. Most forces are pushing forces, NOT pulling.

5. Static air pressure (Ps) is proportional to air temperature (T) and air denity (
Psw pT

6. Energy cannot be created or destroyed. &loee kinetic energy plus potential

energy equals total energy (KE + PE = TE)

We will now go over each of the above rules and begin the journey from academic to
visceral understanding. (Remember that we are working in a purely Newtonian frame of
referenceso nuclear forces, which are part of quantum mechanics, are not relevant.)

Ruleli Newt onds First Law
A body at rest will remain at rest. A body in motion will remain in motion.

Rule 1 is known as Newtono6s fimuwdyod aw. Accor
wonoét suddenly start moving, at | east not wi
rule also says that i f an object is currentl

that in physics an object can be anything frona@roplango an ai molecule Here are
some examples:

e A classic example of rule 1 is rolling a marble across a smooth surface. The
marble rolls on and on, hardly slowing at all, until it hits an obstruction.

e Although you cand6t see theon air molecul e

e |tis important to realize that rule 1 applies to rotational motion as well. So for
example the earth is rotating at one revolution per day and will continue to do so
forever (if there is no friction.)
Newtonds brill i ance rsaltgofthimlawr Theesanpléesgiven g t he u
above of perpetual motion are however far fr
you take your foot off the gas pedal of your car going down the highway, contrary to
Newt onds first | aw ifyauare pushanga skovebovshowhlongn . An d
your driveway no one is going to convince you that it will just keep moving if you stop
pushing. So it is not surprising that despite our academic understanding of this law
viscerallywe f e el as t hohugdin fAtyloiun gnau stto pgiet t hem t o
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characterization was doctrine prior to Newton.) Intellectually we realize that friction is
the culprit, i.e. we must provide just enough force to offset friction when keeping an
object moving. But in the case of aaroplanen flight how much friction is there? It

turns out that for rotation motions such as roll, pitch, and yaw there is almost no friction.
We will return to that matter later.

Rule2i Newt onés Second Law
Force equals mass times acceleration (F=ma)

Rule 2 is known as Newtonés second | aw. It t
object in order to accelerate it. Acceleration means change in velocity.

Velocity is a vector quantity that specifies both speed and directiaerdaynamics

velocity has magnitude equal taue airspeednd a direction given byeadingplus

vertical speed. Newtonds second | aw says tha
airspeed, heading, or vertical speed. The converse is also true, i.e. if airspeed, heading,

and vetical speed are all constant there is no net force acting @etbplane

As al ways, this iIs easy to grasp intellectua
pulling back on the control column it is viscerally hard to believe that you are not
applying a force. Even syoumay bdir eal | y 0 a poghle gontmolgoluann,f or c e

but not to the aeroplane. It dependsadrether airspeed, vertical speed, and heading are
constant.

Rule3i Newt onds Third Law
Rule 3: For every action there is an equatl opposite reaction.

Rule 3 is known as Newtonés | aw of reactions
The sun is pulling on the earth right now with a total force equal to the weight of the
planet. But consequently the earth pulls on the sunamithquivalent force. There is no

way to avoid this.

The propeller on aaeroplangushes air back with a certain force. As a result it is pushed
forward with an equivalent force, which we call thrust.

Rule 47 the Nature of Forces

Rule 4:Most forces a pushing forces, NOT pulling.

Almost all forces, including lift and drag are caused by two objects pushing on each other
(air and theaeroplanen the case of lift and dragSuch forces require direct physical
contact.There is no way for an air moleeuio grasp aaeroplanend pull on it. But an

air mol ecul eanaemplanérd@ushgniti nt o0 0
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Most forces require direct physical contact between the object providing the force and the
one receiving it. For example a bat must hit a ball toigeoa force. Similarly the air
must be in contact withnaeroplango make a force on it.

There ardhree forces in the universe that caot at a distancéhese are gravity,
magnetism, and electric attractiomese forces able fmull objects toward ezn other

Of the three fAspecial o forces gravity is
it is the force we must overcome to get off the ground. Gravity causes an attraction
between th@eroplanend the earth and it constantly pulls #szopanetoward the

center of the earth. As mentioned above, gravity does not require physical contact
between th@eroplaneand the earth, so it continues even wheaenoplanes in flight.
Newton discovered that the force of gravity decreases with distiaamehe center of the
earth, but consider this; we are more than 24,000,000 feet from the center of the earth
when at sea levetlimbing to a typical flight altitude such as 40,000 feet represents a
change of 1/600 which is not significantPilots ma therefore think of gravity as
constant, i.e. yousieroplanaveighs almost the same amoun#@t000 feet as it does at
sea level.

The force of gravity acting on aeroplanes calledits weight (W) It is given by the
equation W = mg, where m is masyd g is acceleration due to gravity. (For weight (W)
in pounds mass must be in units called slugs and g equals 32.2)ft/sec

Let us now return to the question of whether orfantes alwaysct bypushingon

objects | have statethat objectsannot pull on each other. Does this mean that you can
push your car 1 f you run out of gas but
Apull 06 your car you must tie (or ook) a
hook pushes some part ofdlcar.

It is a convention of language that whgyu grasp somethingna move it toward
yourself you are Apullingo it. But in re
a pressure to some part of the object, in effect you must push it. You pairmt it in

the waygravity pulls on the moon or the North Pole pulls on a compass needle. Think of
as many examples as you want and you will never find one in which you or any other
objectever really pull another object save through electric, magretigravitational
attractions.

Pilots must therefore accept tlzt above ameroplaneannot pull theaeroplanaip. It
must be the air below treeroplanghat pushes it ugso the common explanation that a
thing called alow-pressure ar@goulls (orii s u ¢ k @argplaneihieto the air clearly
cannot be true. Air capush anaeroplaneg but it cannot pull aaeroplane

Is the above claim bothering you? Have you decided that this book is flawed? Please
dondét give up yet, all wildl be explained

Paged
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You probably have experience working with vacuum cleaners andhggibelieve they
Asuck tohd pulgtsings Im fact you might have thought of the example of

drinking a soft drink with a straw as a situation that appears to violate rule 4. But it
acually doesndét. We need to take a | ook at
canodot do that wuntil we examine rule 5.

Rule 51 The Gas Law
Static air pressure (Ps) is proportional to air temperature (T) and air denksity (

Ps = 3089.54 pT [R = 3(89.54 ifpressure in Ib/ft T in °K, p in slugs/ft]

A thermometer with an unusual scale Air temperature (T) _is a measure of the
] average speed of air molecules. In
o o aerodynamics temperature is measured i
Knots C K : . S
units called degreédselvin. In Kelvin, if
753 100 373 tempeature is above zero then air
molecules are icontinuous random
_— 80 253 motonon average at t
sound ©nly if air temperature drops to
absolute zero (K =-27316°C) do air
" 60 333 molecules stop moving.
)
g
—— 40 313 Figurel shovx_/s that a thhenometer could
T be labeled with the speed of sound as a
2 temperature scale. Imagine coming in fro
| | outside and saying
o out there, turn on
B gaa 0 273
620 20 253
505 40 233

Figure 1

Air density is a measure of the mass of air molecules in a given voluaie Air density
is measured in units of slugs per cubic foot. (1 slug weighs 32.2 pounds on earth.)
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Static pressure @mconsequence f t h e a imagine a col@nn gf@ibne foot by
one footat its baseextending from the eardhs s torthé @utereedge of space. This
column of air weighs about 211%.pounds on a standard d&yatic air pressure is
therefore 21186 Ib/ft>. The static pressure at an altitude other than sea level is simply
the weight of the column of air starting at thattatte and extending upward to the edge
of spaceA table of these values is given on pdge

Because air ia gascapable ospreadingn all directionsandbecauseair molecules resist
being compressedtatic pressuredsen 6t j ust push down; it
as well Satic pressure nainly pushesiown on thdloor of the room you are i also
pushen the walls and the ceilinghe upward force on a ten foot by ten foetlingis
more than 200,000 pousd That 6s enough t o s uqughdtor t
accelerate the rooand everything in it upwards as thouglwasatop a rocket. Luckily

pushe

Boei

t hat doesnét happe npoinedforeeuspushirg dowe anthatopoRk 0 0, 00 O

the ceiling

An alternate way of thinking abosiatic pressure, and one worthwHibe pilots, is thatit
is due to the collisions of individual air molecules vathects. | assumeoy are sitting
in a warm room (i.e. well above absolute zero) that contains aid€nsity is more than

zero), and even though the air probably seems motionless it is important to know that the

air molecules are rushing arouod averagat the speed of sound, bouncing off each
other, and the walls, floor, ceilingnd you Y o u tze théirtdividual air
molecules are moving because each movement is random and only travels a short
distance before it bounces off another moleoulan object As the air molecules collide
with the walls, floor, and ceiling thgyushoutward, as per te 3. Even though the force

of each collision is miniscule there are trillions upon trillions of air molecules striking the

sides of the room each second so the net force is substantial.

The gas law quoted above gives the relationship between presnsity dand
temperature under all conditions. However, a special case is very important in

aerodynamics, and that is the relationship between pressure, density, and temperature

when no outside energy is added to or taken away from the gas (air.) Thedameyor
this is isentropiconditions but it just means that no energy is added or rema\ied.
flowing past an aeroplane in flight is essentially isentropihe isentropic relationship for
gas is

(B)= =6y
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Static Pressure Experiments
To grasp the magnitud# static pressurperformsomeof the following experiments:

1.

Purchase a suction cup, with a hook attached, (from any hardware stopegssd

it onto the ceiling. Be sure the ¢

hosen

The suction ceuvem iwiogr kosu thoy afissrqu o cr pat e
know, it is the air pushing on the outer surface that actually provides the holding

force. A visceral sense of the strength of Ps can be gained by pulling on the
suction cup with ones fingers. Compare the size suction cup to the wings ¢
anaeroplaneThink about how much force the small suction cup can create 3
imagine how much a wing could create.

n
nd

Obtain two pieces of glass (it is best if one piece is smaller than the other.) Use a
few drops of wateto act as an air seal and then push the flat faces of the pieces
together. All air will be displaced from between the glass pieces, so that Ps pn the

outer surfaces holds them together. The smaller piece can be susjpendtt:
larger oneltwillfloat ar ound Af r i c @rytopullieol; g&i8 b
VERY difficult to do so.

Obtain a jar with a sealed l{@.g. a Mason jarMake a hole through the lid for a

ut not

straw and seal around the straw so that air cannot enter the jar. Put sonie water

the jar and try to drink it. You will not be able to.

1112

~176 Ib.

Fluid

—

Figure 2

ConsiderFigure2. The open surface of the soft drink is 12 square inches'{$titare
foot) so a force of ~176 pounds is pushingdoem t he f |l ui d. Tha
more than enough to Iift the fluid, which
mouth. All the drinker must do is lower the pressure in the straw slightly and the pressure
in the room willpushthe fluidinto his/her mouth.
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Cabin of space shuttle

Sucking here is useless

Space

Fluid

Figure 3

Now considefFigure3in which a soft drink glass is floating outside the international
space station, where we may say the air pressure is zero. A straw has been installed
through the wall and an astronaut is attempting to have a drink. No matter how hard s/he
sucks s/he will have no success in getting any fl{Tilis effect is replicated with

experiment 3 above. In that experiment you cannot drink the water becausesairepres
drops in the space above the water and is insufficient to push the water up the straw.)

So how does a vacuum cleaner work? Start by contemplating the air in the room where

you are sittingl assume there is no wind in the room. Imagine you haveufhertsuman

ability to see individual air molecules and you are examining a small cluster of molecules
somewherén the room You would see thaachsecondnanymolecules irthegroup

leave at high speed, but are replaced, randomly, by others coming ithtom

surroundingspace No net change results, and since the motions are random the overall

air motion is zero. Now considérgure4 in which the nozzle of a vacuum cleaner is

inserted into the room. What the vacuum cleaner doesmove air molecules from one

location in the roomThe wordvacuummeans there are fewer air molecules in a given

location (and therefore a lower static presgufavith your magic eyes you are watching

that evacuated space you would notice that dimeee are feer moleculesn the vacuum

then fewer leaveeach secondut the normal number would randomly enter the area

from the surrounding a{which now has a higher static pressyra@s a result there is net

motion of air to a&@yiHdvd hleearad utuhme 0e X¥Yprue snsi o
abhors a vacuum. 06 What this old saying means
molecules will result in air movinfjom an area of high static pressure to ohlew

static pressur@Vhen the air molecules rush tamd the vacuum thgyushalong any dirt
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particles thetrike. It may be common teay we areuckingup the dirt butas you can
see the dirt is reallpushedalong by the air current that forms due to the vacuum

Absence of
air molecules

Figure 4

Rule 6 1 Conservation of Mass and Energy
Rule 6 is the expression of two crucial conservation laws:

1. Mass cannot be created or destroyed. This is known as the law of conservation of
mass.

2. Energy cannot be created or destroyids rule is known as the firlaw of
thermodynamics.

As noted at the beginning of this text aerodynamics is about the motion of air. The
conservation of mass law is important because it explains why the velocity of air flowing
around a wing changes. Consiéégure5 which shows air flowing throughwo circles

of different area, labeledAand A.

'You may be asking whether the air Arushes inodo at the
collisions between molecules is slowed to a much lower speed. The stronger the vacuum the fewer

collisions will occur and the faster the air will move. The ultimate vacuum would cause the air to rush in at

the speed of sound.
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Mass flow through two different areas

stream line

stream ling

Mass flow is bounded by stream lines.

Figure 5

The red lines are called stream lines, and they represent the path taken by air molecules.
Imagine that the same stream lipess through Aand A. The situation is analogous to

water entering a garden hose at a tap. All the water that enters the hose must flow out the
other end. If the hose is pinched at any point along its length the water must still flow
through (because rttar cannot be destroyed) and thereforgst eitheaccelerate or
becomeadenserWater is not easily compressgal it accelerat as anyone who has

pinched the end of a water hose knows. The relevant equation is:

J‘"q "'-'"1 = -'“-2 "'-'rg [Contmuity eguation for incompressible flow)

Ajrepresents area 1, and iepresert area 2. Yand \, are the velocity at area 1 and 2
respectively. The equation simply says that atélocity will be higheiif area is smaller.

While the above equation seems clearly correct for water is it valid for airAlso?

seems to have a thigption; it could compress, i.e. become denser, rather than

accelerate. In actuality, as long as air is moving well below the speed of sound the natural
forces of repulsion between air molecules keeps density constant, so that the above
equation is validdr aerodynamics up to about 1/3 the speed of sound. Once compression
becomes significant we must use the equation:

o1 A1V = pz Az W [Contmnuity egquabion for compressible fow)

This equation indicates that the product of density, area, and velocity remains constant.
When we study high speed flight we will needake this into account, but for the first

part of the text in which we study subsonic flight we can ignore it and use the
incompressible floveontinuity equation

Study the two continuity equation above because we will use them to explain how a wing
accderates air, thus creating lift.
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We now turn our attention to conservation of energy. You probably remember your high
school physics teacher saying that potential energy plus kinetic energy is constant in a
closed system. An example is a bouncing balle®@al energy increases as it rises, while
kinetic energy decreases. Kinetic increases as it falls, while potential decreases. Of course
a bouncing ball is not a perfectly closed system so energy is lost in the form heat, to the
air and the floor.

Air flowing past an aeroplane is essentialbjased systerand it hadoth potential and
kinetic energes The potential energy of air could Beterminedin principle, just like

thatof a ball.Potential energy is calculated by multiplying weight and heigghprinciple

the weight of the trillions of air molecules in the atmosphere multiplied by their
individual altitudes could be added up to get the potential energy of the atmo3piere.

is a hopeless task, but not really necessary. A simple measur@@Essure represents

the weight of the atmosphere, and can be used as a proxy for potential energy. We will
use the designation Ps to representgtasic air pressurewhich represents the potential

of the atmosphere to do work, i.e. its potential gnerhe units of static pressure will be
pounds per square foot. This is the same as saying energy per cubic foot.

In physics kinetic energy is ¥2mM\VSince density is mass per cubic foot the kinetic
energy of one cubic foot of air is given byV%. The uiits arealsopounds per square
foot andthereforewe will call this valuedynamic pressur® distinguish it fronstatic
pressure

Bernoul | i 6 éTheArcangtessbie-Flow Energy Equation)
An extremely important relationship between static and dynaneissure is known as
Bernoullids equation. 1t is valid for the

we have already said applies to flight at less than 1/3 the speed of sound.

Ps, + %p ‘-.-;E = Ps, + %p‘u‘f [Bernoulli's Equation - Metric version]

Ps, + 1.426;3‘-.-’12 = Ps, + 1.426 p*uf; [Bernoull's Equation - English version)

I n Bernoul | i p\¥is ealipd thet diynamic prag=. (alr Pehsity must be in
units of slugs per cubic foot, velocity in units of knots and thus dynamic pressure
units of pounds per square foot.

I n words Bernoullidés equation i s:

Satic pressure plus dynamic pressure equals total pressure
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Bernoul | i 6s Equation Experi ments

To

develop a feel for Bernoulli s equation

. Hold two pieces of paper, one in each hand and suspend them in front of ydur

face and parallel to each other about four inches apart. Blow dpatileen them
The increased velocity of the air between the paeluces Ps. The higher Ps ¢
the outer surfacgsusheghe two pieces of paper together. This proves
Bernoull i ds equation is true.

. Take one piece of paper and dangle it in front of youstindt may be better to

roll the edge of the paper around a cylinder such as a pencil. Blow over the

N

top

surface of the paper. The paper will rise up, just like the wing @esplane

Armed with Bernoull i és equ ahtherfoerulesdvesar!| oped
now explain how wings produce lift and explore all the other fascinating questions that

make up the study of aerodynamics.

The Compressible-Flow Energy Equation

Bernoulli s equation assumes adybawlthisdensi t vy

reasonable up to about 1/3 the speed of sound. Above that speeddvw® use the
compressible flow equation, whicacognizes compression.

ot A1V = p2 Az Vo [Contmnuity eguation for compressible fow]

When air is compressed not only density but also pressure and temperature change in
accordancevith the gas law stated previously. Fortunately the isentropic equation applies

becaus@nergy is not added or removed from the air flow:

()= =1

Combining the equations we get:

3800.8 T; + 1.426pV;? = 3800.8 T, + 1.426pV,?
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Properties of the Atmosphere

Before we jump completely into the exploration of aerodynamics we will conduct two
brief reviews of material it is assumed you are familiar with from your previous studies.
First we will review the important properties of the atmosphere. Second we walwrevi
aerodynamic terminology.

The atmosphere is an envelope of gasses that surrounds the earth. It is composed of
nitrogen, oxygen, carbon dioxide, water va@ord other gasse$hemost important
characteristics, from an aerodynamics point of viewiemperature densityandstatic
pressure

In the study of aerodynamics we use a model of the atmosphere called the international
standard atmosphere (ISA.) The ISA is a temperature model based on observations taken
in Paris France. In the ISgea level temgrature is 15C, which is 288L6°K. The

atmosphere is divided into isothermal layers (constant temperature) and gradient layers
that have a constant lapse rate. Only the first two layers, known as the troposphere and
stratosphere are considered in thisreeuThe troposphere extends from sea level to

36,090 feet wh a lapse rate ofL.98K per thousand feet. The resulting temperatures can

be seen in table 1 below. The stratosphere staB& HIO feet and extends to

approximately 82,000 feet. The stragibsre is isothermal at a temperataf@16.66K (-

56.5C.)

Once the temperature model is establishiedensity and pressure follow automatically
under the influence of gravityPhysicists can calculate what the density ofvaiald be

at any given ailtudeusingonly the temperature as an input. The equation for density in
the troposphere is:

p =0.002377(T / 288.2Y°%° [T in °K, pin slugs/ff] i equation valid up to 3630 6

In the stratosphere the equation for air density is:

p = 0.000706 &Atituder 36.000)/20.833 14 i the natural log base 2.71828]

Once the temperature and density of any gas are known static pressure can be calculated
using the gas lawl he equation, with the correct unit conversion factor is:

Ps = 308%4pT [gives Psih units of Ib/ff]

2 This is true because the chemical composition of the air does not change throughout the atmosphere
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Air pressure and density decrease with altitude according to table 1 below.

The speed of sound (a) depeddy on air temperature (T, in units of degrees Kelvin)
and is given by the formula: a = 38.98'% (a inknots.)

Standard A | Temp | Static Air Pressure (Ps Air Density (o) Speed of Sound (3

°K Lb/ft? Slugs/ft Knots
Sealevel | 288.16| 2116.2 0.002377 661.7
5000 278.26| 1760.9 0.002048 650.3
10,000 268.36| 1455.6 0.001756 638.6
15,000 258.46| 1194.6 0.001496 626.7
20,000 24856 | 972.9 0.001267 614.6
30,000 228.76| 628.9 0.000890 589.5
40,000 216.66| 390.6 0.000584 573.8
50,000 216.66| 242.6 0.000362 573.8
60,000 216.66| 150.7 0.000225 573.8
100,000 232.66| 23.1 0.000032 595.2
Table 1
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Aerodynamic Terminology and Definitions
Examine webpageénttp://selair.selkirk.ca/Training/Aerodynamics/axis.htm

Everyaeroplandias threexes which you can see iRigure6. Theaxesall pass throgh
the center of gravity (defined below.)

Normal Axis

é Lateral Axis

Normal Axis

Figure 6

Figure7 shows the parts of sevemdroplaneonfigurations. Théuselageis the body of
theaeroplaneThe wings protrude from the sides. Aeroplanevith two wings is called
a biplane; monoplandsave one wing andre much more commoAll the aeroplans
shown below are monoplanes.
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Front Front

s
Wing Canard
Elevator
) Flap Aileron g,
a =
b @
= -]
'S 'S

S ey

Aileron

Harizontal Tail
Elevator

"Conventional" Configuration

Rudder
Fuselage ] =

-
Canard Configuration

T —

Elevons

Tailless Configuration
Figure 7

Theailerons are almost always attiaed to the outboard trailing edge of the wimgl ahe
flaps are on the inboard trailing edge.

Theelevatorsare mounted on the trailing edge of tiwizontal tail, unless the
aeroplanas aCanard , which means the horizontal taglnear the frontA tailless
aeroplananay have separate aileronslaevators or they may be combined into a

combined set oflevons

Thefin is the noAmoving vertical wing, near the rear of theroplaneit usually
protrudes straight up but can protrude down and can also protrude on arThegle
moveable control atked to its trailing edge is called thelder.

Examine webpagdttp://selair.selkirk.ca/Training/Aerodynamics/up_down.htm

Thehorizon is the flat plane thas tangenttothea&r t hds sur f Bigue8 as show
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Figure 8

Pitch attitude expresses the angle between the longitudinal axis and the horizon plane. If
the longitudinal axis is parallel to the horizon we sayaitieplanehas zero degrees of

pitch. If the longitudinal axis is inclined upward we have positive pitch, and downward is
negative pitch. In all cases the pitch attitude is expressed in units of degrees.

Bank attitude (B) expresses the angle between the latetia and the horizon plane. If

the lateral axis is parallel to the horizon we say bank is zero. Bank angles are expressed
as left or right, in units of degrees. Normal flight is limited to less than 90 degrees of
bank; however it is possible to talk albbéarger bank angles such as 180 degrees of bank,
meaning that theeroplanes upside down.

Headingi s the third fAattitude. o It expresses th
reference line in the horizon plane. Normally pilots use either miagrath or true

north as the reference line, but other reference systems could be usedodokive

only need to talk about changes in heading, which means rotdtibe longitudinal axis

of theaeroplanen the horizon plane. A change in headingafied aturn .

It is important to realize that aeroplanean make six distinct types of movements.
Movement is always referenced to thesarf theaeroplangnot the horizon. The first
three movements are translations, the last three rotations. desmants are:

1. Translation along the longitudinal axis, which is the major component of true
airspeed

Translation along the normal axis, which is the minor component of true airspeed.
Translation along the lateral axis, whigsults inslipping

Rotationaround the longitudinal axis, which is called roll

Rotation around the normal axis, which is called yaw

Rotation around the lateral axis, which is called pitch

ok wWN
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Airfoil

Figure 9

ConsiderFigure9, which is a dawing of amairfoil . A drawing is a twadimensional

thing that exists only on a piece of paper or other flat surface. Now imagine the airfoil is
stretchedut into a threagimensional wing, as iRigurel0. In this text, when talk of a

wing | mean a thredimensional structure that you would find onaaroplaneWhenl

talk about an airfoil am referring taa shape, which exists only in two dimensions.

Wing

Figure 10

Consider the airfoil ifFigure1l. A line can be drawn that is exactly halfway between the
upper and lower surface of the airfoil. This line is properly calledrt@n-line, but
sometimes is called the camber line.

m

Figure 11

A straight lire can be drawn joining the ends of the miéam and this is called thehord
line, or simply the chord (c.)

An airfoil may need to be scaled larger or smaller without changing its shape. It is

therefore useful to express airfoil dimensions, such asrtbgskand camber, as a
percentage of the chord length, the full length being 100%.
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Airfoil Terms

cambe chord

o

point of max camber

Percent of chord
]

1 1
1 20% 30 40%  S0% B0% T A% s 100%

Figure 12

Thethicknessof an airfoil is the maximum distance between the lower and upper surface
and is expressed as a percentage of the chogthlelnFigure12 the thickness is 12%

The maximundistance between ¢hchord and mealine is calledthe camber of an

airfoil. Camber is expressed as a percentage of the chord. In the figure camber is 4%,
which means the maxium distanced between the chord and meas ig¥% of the

length of the chord. Positive camber meanatkean line isabove the chord line,

negative camber would me#ire mean lings below thechord If the mearine and

chord are the same there is zeamber. Such an airfoil is said to be symmetrical, as
shown inFigurel3. Symmetric airfoils are widely used for fins and horizontal tails. They
are also used on some aerobagcoplans for the main wing.

Symmetric Airfoil
L >
\-x_h_______

Figure 13

If the mean line crosses the chord the airfoil is caldigxed. Figure14 shows an
exaggerated reflexed airfoil.

3 Strictly the distance should eeasured perpendicular to the mean line.
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reflex mean line

—— _-"‘:-__-=_=-_
chord

reflex mean line

— e

chord
ke

Figure 14

The point along the chord where maximum camber occurg-(gae212) is called the
point of maximum camber. It is at 30% of c irall the airfoils shown above

In the days before computer aided aircraft design airfoil shapes were catalogued using a
numbering system that specified the thiclyeamber and point of maximum camber.

For example a €72 has a 4412 airfoil, which means it has 4% camber with a maximum
camber point at 40% and maximum thickness of 12%. Those interested in learning more
about airfoil numbering systems should read tteekent NASA publicatiorTheory of

Wing Section$

Modernwingsare computer designed to work in three dimensions and in unison with the
fuselage. In almost all modeagroplans the airfoilchangegrom root to tip of the wing
(Rootand tip are defindbelow.)

4 Abbot, 1. Dover Publications Inc. New York. 1959
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b
< > b = span
Ca = average chor
Wing Ca
S =Wing area
AR = aspect ratio
S=bx Ca
AR = bic,
< b _ AR = b8
C “ ]
b €r =root chord
< > ¢t =tip chord
| ¢a ¢ Iict A = taper ratio
c
A = t
Cr

line parallel to lateral axis /\

sweep angle

25% chord

Figure 15

Figurel5defines the termwing root (Cr), wing tip (Ct), andspan(b). Taper ratio is
the ratio of Ct/Cr. Thaeroplanen the figure has a taper ratio of 0.5

Wing area (S) is oneof the most important design parameters caaroplanelt is the
surface area of the wing and is equal to average chgrihjes span (S =& b).

Another very important design parameteaspect ratio(AR), which is the ratio of span

to average abrd (AR = b/g.) Note that gis the average chord defined as&/b. Large
aspect ratios are found on gliders and transport jets. Low aspect ratios are found on jet
fighters.

Given that AR and S are the two most important wing design parametersetusto
relate them to each other. Therefore if we substitute the definition, $ b iato the AR
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formula we get AR =#S. Please note that this is not an alternate definition, only a
mathematical formulation that is often usefuberoplanalesign. You will always find it

easier to visualize aspect ratio as.b/c

Wing sweepis defined as the angle between a line drawn through the 25% chord points
on the wing and the lateral axis, expressed in de@seeshe diagram abaye

Velocity (V) is the comimation oftrue airspeedT(AS), heading, and climb angle. It

expresses how fast teroplanes traveling and the direction it is traveling. Velocity is a

vector quantity, which rmens that you can draw an arraw describe what direction it

acts. Noticghat TAS alone is not a vector quantity becausaeaoplanean fly at a

constanfTAS while turning, or entering a climb or descent &tiee headingand vertical
speed values transform the scalar airspeed value into a vector.

We will use terms such agaight, level, climbing, descending, and turning to describe

what is happening to velocity. These terms have the following meanings:

Straight: Means flight on a constant heading.

equals zero.

e Climbing: Means flight with constant airspeed arahstanpositive vertical
airspeed is

speedNote thatf
not a climb.

e Descending Means flight at constant airspeed athstannegative vertical
speed. If airspeed increasingvh i | e

decreasing

altitude i s

e Turning: Means that heading is changing.

Level: Means flight at a constant altitude. This is synonymous with vesjesdd

as

ost

Definition of Relative Wind
Aeroplane Climbing

Figure 16

Definition of Relative Wind
Aeroplane Descending

Figure 17

By definition:relative wind is the airflow that is exactly opposite to the direction of
flight, I.E. is exactly opposite to velocityif you prefer, you can say it is the reciprocal
of the TAS This is critical to understand. For exampleaanoplanghat is climbing is
flying through air that passes theroplanen an orientation as shown kigure16.
Similarly anaeroplanghat is descending experiences airflow aBigurel7.
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Definition of Angle of Attack (u)
Definition of Angle of Climb (c)

c4 Oryy

Rel atj i

¢ = angle of climb
horizon

Pitch= o + ¢ \
Figure 18

Angle of attack(U) is the angle between the chord and the relative wind, expressed in

degreesUi s negative if the chord | inWBands bel ow 1
pitch attitude; that is a common mistake. Heeoplanen Figure18is climbing. It has a

large pitch attitude but smadll Theaeroplanen Figure19is descending. It has a

negativeangle of climbbut a positivedJand pitch attitude

Definition of Angle of Attack (u)
Definition of Angle of Descent {-c)

chorg

horizon \F:%;
of descent  © 4~

-c = angle
" Relative wind

Pitch= o + ¢

Figure 19

Weight (W) is the force that acts toward the center of the edtits direction is also
defined aglown Up is the opposite direction to down. W = nWgeight acts at the center
of gravity (explained below.)

Examine webpagdattp://selair.selkirk.ca/Training/Aerodynamics/definitions.htm
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Definition of Lift

Aeroplane Descending

LIFT

Weight
g T
REHE‘N not to scale
Figure 20

Lift (L) is defined as the forgeerpendicular to the direction of flight, which is the

same thing as saying perpendauo the relative wind. Be certain to fully grasp this

definition because lift is NOTecessarilyalway8t he f or ce t h &dilureopposes
to grasp this is often a source of great confus@onsidetFigure20, in which an

aeroplanas descending. Weight aaown, but lift acts in an inclined direction that is

perpendicular to the relative wind. Many pilots get their minds stuck on the idea that lift

al ways and tossequanty dave trouble grasping aerodynamics$o Btyake that

idea. Lift only opposes weight in straight and level flight.

Definition of Drag

Aeroplane Descending

W/

e

. -.Hit‘l-d
R-E*JLE‘NE not to scale

Figure 21

Drag (D) is the force that acts parallel to the relative wind, which is synonymous with
saying opposite to the direction of flight. Consifeggure21, where you can see that drag
is not horizontal it is parallel to the relative windYou can also see that drag is always
perpendicular to lift.)
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Thrust (T) is the force created by tla@roplané sngines. Its directiodepends on how

the engines are installed on a particalaroplaneln mostaeroplans thrust acts along, or
parallel to, the longitudinal axis. Sometimes the engines are installed with a very small
angle to the longitudinal axi$he reason is explainah pagel56.

Examine webpagdttp://selair.selkirk.ca/Training/Aerodynamicsitg.htm

Center of gravity (CG) is the poinaroundwhich all moments @k to gravity equal zero.

CG is also the point at which weight acts. CG is such a critical concept in aerodynamics,
and so poorly understood, that | am going to ask you to perform an experiment to develop
a deeper understanding of the term. Please folewrstructions below:

CG Experiment

1. Draw a picture of aaeroplanesimilar to the one ifrigure22, on a piece of stiff
paperor cardboardMake the picturat least several inches long (larger is better.)

2. To more accurately repsent the mass distribution of a raafoplandgape some
weight, such as a coin(s), where the engine would be on aenegdlaneThis is
shown in the figure.

3. Carefully cut theaeroplaneshape out using scissors. Leave as little extra paper
around the otline as feasible.

4. Make several holes distributed around and near the edgesadrthaneas
shown in the figure. These holes may be anywhere, as long as they are near the
edges. Try to make the holes neatly either using a paper punch or a shéarp objec
such as the tip of a pencil.

5. On a smooth wall dive a small finishing nail straight in so that you can hang the
aeroplanen one of the holes.

6. Hang theaeroplanaip and notice that it hangs at an odd angle, similar to the one
in Figure23. Try swinging theaeroplanend notice that once you let it go it
swings like a pendulum for a while but it always stops in the same orientation.

7. Draw a perfectly vertical line from the nail down theroplaneldeally you
woul d us e lavelorplunpbéabtoao this

8. Using different holerepeat steps 6 and 7 at least twice more.

9. You should notice that all the vertical lines you draw cross at a common point. If
they donét you are not being careful enolt

10.Punch another holehere the lines cross. This is the CG of yaeroplane

11.Hang theaeroplanaip by the CG.

12.Rotate theaeroplandgo any pitch attitude. Notice that you can stop it at any angle
(i.e. it balances in all attitudes.)

At step 12 you should have an eygeningno me nt . | f you didnét wundel
you do now. The CG is thanly place you can skewer tlaeroplaneand have it balance

in all orientations. If you skewer it at any other point it rotates and hangs in one

orientation only, and that orientation isckithat the CG is below the nail.
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Figure 22
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Plumb-bob |

Figure 23

Definition of Power
Everyone talks about how muplwer andtorque the engine in their car produces, but

how many of us really know what it res? In physics torque meassii@ce times
distance (F x d) and power measures force times velocity (F x V.)

We will be using a unit of power callésbrsepower, which is defined as follows:

1.0HP =550 1b x ft / sec

1.0 HP = 33,000 Ib x ft / minute
1.0 HP = 325.66 |b x knots

1.0 HP = 746 Watts

To put things into perspective, a 2@@tt light bulb is equivalent to a 0.13 HP light bulb
(100/746.) An electric hairdryer that consumes 1000 watts is also consuming 1.34 HP. A
car engine producing 400 Ib ff mrque at 5000 rpm is makirgB0.8HP (calculated as

400 x 5000 x PI/ 33,000 = 380.8 HP) Another engine that also makes 400 Ib ft of

torgue but does so at 2000 rpm only makes 152.3 HP. For propeller aerapians
horsepower is more important themque, as you will see shortly.

Horsepower is measured on a dynamometer. Because the dynamometer measures torque
by applying a braking action to the engine the pasewemeasurets calledBrake
Horsepower (BHP.)

To fly anaeroplane propeller must carertits BHP into Thrust horsepower (THP.)
This process is never 100% effectifReopeller efficiency(n) is a defined ag =
THP/BHP.

® Rpm x 21r gives the velocity of the object. Torque/r gives the force (r is the arm of a pulley that the
engine turns and is also the arm for the weight thaesgmits torque.)
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You may find the following two equations useful:

THP =T x V/325.66 [Visinknotd

T =325.66 x THP / V [This is just the above equation solved farTTis in poundp
To see the significance of the above equations answer these three questions:

1. A particularaeroplanexperiences 1000 Ib of drag at 100 knots. How much THP
is needed for it to flyPTip: Thrust must equalrag in level flight.)

2. A particularaeroplanexperiences 1000 Ib of drag at 200 knots. How much THP
is needed for it to fly?

3. A particularaeroplanexperiences 1000 |b of drag at 325.66 knots. How much
THP is needed for it to fly?

The answers are:
1. 307HP
2. 614 HP
3. 1000 HP

It is important to realize that all three of the abaeeoplans require 1000 pounds of
thrust to cruisebutfasteraeroplaneneedsmore HP.

The amount of thrust a given HP engine can produce falls off with velocity. For example
a1000 HP engine produces 1000 pounds of thrust at 325.66 knots. But, how muih does
produce at 10 knots (early the takeoff roll)? To answer use the formula: T = 325.66 x
THP / V. The answer is 32,566 pounds of thrust (wdw!)

Note that when flying at 3266 KTAS one pound of thrust equates to one THP. At lower
speeds one THP produces more than one pound of thrust. Above 325.66 KTAS one THP
makes less than one pound of thr(Since drag increases with velocity, while thrust
decreasegropelleraeroplans are quite limited in terms of how fast they can cruise. We
will see that jets have an advantage in this regard.)

It is worth noting that the equation fthirustapproaches infinity as V approaches zero. It

cannot actually be solved at zero velocity. Thplication is that for a given amount of

power thrust becomes infinite when velocity is zero, such as at the beginning of the

takeoff roll. | n beeaudeithé propellér betomdsorerysineficient h a p p e n
at such speedsut for propeller divenaeroplane, sinceBHP output isessentially

unrelated to airspeed, thrust is definitely very high at the beginning of the takeoff roll and

declines as true airspeed increases. Once we complete our discussion of drag we will

® This is likely an overestimation because we assumed the same propeller efficiency at both speeds. Even
so the engine will produce a very impressive amount of thrust a low speed.
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return to the question ofié relationship between power, thrust, and velocity and analyze
it further.
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The Sum of Forces Acting on an Aeroplane
Examine webpagdittp://selair.selkirk.ca/Training/Aerodymacs/fourforces.htm

We will consider four forces that act on agroplaneThese are:

Weight
Lift
Drag
Thrust

PwpbdPE

Of these only weight (W) is easy to define and grasp. Weight always acts toward the
center of the earth and is given by the equation W =mig {n slugs, and g = 32.2
ft/se¢) W acts at the center of gravity.

Lift is the sum of all force acting perpendicular to the flight path, or relative wind. Lift is
contributed by many parts of theroplandeach wing, the tail, the fuselage, perhaps

other parts.) These individual forces can be summed up and represented with one vector
that we perhaps should c#dkal lift, but more commonly just call liff’he crucial point

to note is the direction lift acisit is always perpendicular to the flight path, i.e.
perpendicular to the relative wind.

Drag is the sum of all forces acting opposite to the direction of flight, or parallel to the
relative wind. Total drag is the sum of all the foratributed by each part of the
aeroplaneopposite to the drection of flight. It too can be represented by one vector.

Thrust is the force produced by the engine(s.) It acts in the direction the(ghgiee
pointed. In introductory aerodynamics courses it is customary to simplify the required
analysis by assuimg that thrust acts in the direction of flight, i.e. that thrust is directed
opposite to drag. We will make that simplification here, but keep in mind that it is a
simplification. In reality, as angle of attack changes a small component of thrust acts
pempendicular to the direction of flighti.e. with lift.)

Pilots shouldnote that the definitions of lift and drag above are just thaégfinitions.
The actual static pressure arouad aeroplanecreatesoneforcethat both supposit
against gravity andmpeds its forward progress. It is our convention to resolve this
force into two components with tbeeperpendicular to the direction of flight called lift
and the component parallel to the direction of flight called drag.

" For those who are mathematically inclined thrust eqi@gxc o s ( U) . Gi ven that U i
10, thrust directed along the direction of flight is normally more than 98.5% of total thrust, making the
simplification acceptable.
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Forces in Straight and Level Flight

Drag

Lift

Lift Weight
Thrust = e = Drag
CG

Weight - Thrust

Vectors "Added”
tip-to-tail
Y

Figure 24

For our purposes we will say thatdtraight and level flight =W and T = D, as shown
in Figure24.

The force vectors must be added to get the total force actingamr@planeVectors are
added by laying them tifp-tail (it does not matter what order.) In the cases we are
interested irfor now (straight and level, climbs, and descents) the total force is zero. W is
the only vector than never varies. [, and D change in length and orientation in
accordance with #ir definitions, but L is always perpendicular to D. The length of T is
especially variable as the pilcéan change it with the throttlesraed with these thoughts
follow along with the following important analysis of forces in climbs and descents.

Forces in a Climb

.
e Drag

'5'1,5,-

Lift
Weight

CG
Thrust

T>D

Figure 25
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In aclimb T must be greater than D (T > Bljis crucial to see that in every case an
aeroplaneghat is climbing must have more thrust than drag. This situation is shown in
Figure 25. It is highlyrecommended that you learn to draw this vector diagram and use it
to confirm the simple trigonometric relationship:

Sin(c) = (T-D)/W [c is the angle of climb. Positive means climb and negative means
descending. C = zero means level flight.]

Forces in a Descent Forces in a Glide
Drag
Drag
Lift Weight Weight
Lift
Thrust Thrust =0
_,_,__,...---:;'!:“.L CG y ,CC
fﬂ’l““ﬂ . -:‘Hﬁ*‘
T<D . _ea‘-‘"’ T=0
¢ = angle of climb {negative when descending)
Sinjc) = Thﬂ
Figure 26

In adescenf must be less than D (T<D.) Axeroplaneannot descend unless thrust is

less than drdy Figure26 shows the vector diagram for a descent. In the special case
where T=0 (i.e. the engines haaléfailed) sin(c) =D/W. In other words the glide angle

is determined by the ratio of drag to weight. If the pilot pushes the nose over and makes a
steep glide drags greaterandif the pilot flies at the speed for minimum drag that will

result in minmum descent angleor in other words maximum glide range. We will

explore gliding more thoroughly later.

Pilots can learn a lot about how to fly a@roplandrom the equationin Figure26. Many

flight instructors use asayingsmet hi ng | i ke fAthrottle control

control airspeed. 0 |t woulfithrus cohtroladndleyof b e
climb and elevators control airspegthut we are getting slightly ahead of ourselves. We
will return to thequestion of controllingirspeed later

8 Review the definition of climb and descent given earlier. In each case thitidkeincludes the provision

of constant airspeed and vertical speed. I.E. the conditions known as zooming and diving are not considered
in this text.

° Recall the previous definition of a dive. If you push the nose over without decreasing thrusopienaer

will descend but airspeed will increase. This is called a dive, NOT a descent.
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Atmospheric Force Available to "Lift" an Aeroplane

~400.000 Ib
~4mﬁu o 1 | ir

W = 3000 |b

S = 200 ft?

WL = WIS = 3000/200 = 15 |b/ft?

Figure 27

The Nature of Lift

Something | would like to point out to you is that even thougheanplananust be in

motion to fly the air has enough potential energy (i.e. static pr@gswsapport the

aeroplanavith nomotionrequired The subject we are studying is called aerodynamics,

whi ch means f#Aair i n mot iamoyemsnbisretessdiggs goi ng t
flight, but it is crucial to realize that aeroplangparkedmotionless at the airport has

enough air pressure under its wings to easily lift it up.

Consider theeroplanén Figure27, which weighs 3000 Ib and has a wing area of 200ft
This aeroplanes parked on the apron at some aitpand just sitting there a static air
pressure (Ps) on the order of 2000tftis pushing up on the bottom of the wing (the
exact amount depends on the altitude of the airport, see table 1.) Thereforg there
~400,000pound upward force thabuldlift thisaeroplanento the air.Of coursethere is

an opposing 400,000ound force pushing down on the top of the wings that cancels out
the upward push, so tlaeroplanestays on the ground, held there by its weight of 3000
pounds.
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Held Down

Released

il — =

Figure 28

You may have heard that a wing produces lift by creating gpl@ssure area above its

top surface. This explanation is correct, but slightly misleading, as it tends to promote the
false image that theeroplanas pulledup by a vacuum. The akstory is more like

Figure28in whichaspring oaded toy is held down by someo!
person removes their hand the toy jumps upward. Clearly the spring is responsible for
lifting the toy, not the removal ohé hand per se. The same is true ch@mplaneWe

must realize that there is a huge force below the wing pushing upward. All that is needed
is to slightly reduce the downward force, by an amount equal to the weight of the
aeroplaneand then the air balv the wing will easilypushthe aeroplanaip into the air.

To use the example numbers above, the downward force must be reduced from 400,000
to 397,000 (0.75% reduction.) A net force of 3000 will then exist, wiithoffset the

weight and permit flight.

For a typical lightaeroplanea force of hundreds of thousands of pounds pushes both up

and down on the wingn level flight all that is needed is for the downward force to be

reduced by an amount equal to the weight or@plane We now understantthe true
significance of the fivacuumo above the wing.

Definition of Wing Loading (WL)

| would |ike to get Bernoullids equation inyv
Ps to represent the static air pressbog.anaeroplando fly, Ps below theving must be
greater than Ps above the wing. Bx¢entof pressure difference between the upper and
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