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FLIGHT WITHOUT
FORMULAE

1. The Argument

| am going to try to explan how an aeroplane flies This
does not mean that | am going to teach you how to fly an
aeroplanethat is a very different metter. Many people who
can explan how an aeroplane flies cannot fly one. Still more
can fly an aeroplane, but do not know how it flies A few
people can do both.

Now, if you ask brainy people to explan to you how an
aeroplane flies, they will tel you thet it is dl very complicated.
If you persas in your search for knowledge they will indruct
you by means of formulae, Greek letters, and various kinds
of mathematics When you ae thoroughly fogged, they will
shake their heads sadly and tell you that your knowledge of
mathematics is insufficent to tackle the raher advanced
problems involved in the flight of an aeroplane.

Mind you, there is some truth in what they say. If you wish
to be an aeronautical professor, or a designer of aeroplanes,
you must, sooner or later, acquire a fair knowledge of mathema:
tics. But | teke it that you have not got any such ambitions,
a any rate for the present, and that you will be content with
a dmple explanaion of the main principles on which the flight
of an aeroplane depends.

That is dl | am going to give you; and that is why | have
caled this book Flight Without Formulae.

2. What is an Aeroplane?

If you look up the definition of an aeroplane in a glossary,
you will find that it is described in some such terms as these:
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2 FLIGHT WITHOUT FORMULAE

“A heavier-than-air flying machine, supported by aerofails,
desgned to obtain, when driven through the ar & an angle
inclined to the direction of motion, a reaction from the ar
aoproximately at right angles to their surfaces”

Theres a mouthful for you When you have finished
reading this book, you may care to look at this definition again.
If you do so, you will find that it is perfectly sound and is a
rather clever atempt to put a large amount of information
into a few words. That is the object of a definition, and that is
why a glossary makes rather dull reading in spite of the care
which has often been exercised to ensure that conciseness
should not lead to misunderstanding.

Many aeronautical books ether begin or end with a glossary;
but | prefer to explain any terms which may be necessary as
and when we come across them. Even when explanation is
necessary, the use of a hackneyed definition will be avoided
because | want you to understand the term rather than learn
to repeat, like a parrot, a string of technica words.

What, then, is an aeroplane ?

All man-made contrivances which fly, tha is to say which
are kept in the air by forces produced by the air, are caled
aircraft.

There are two man kinds of arcraft: those which are
lighter than air and those which are heavier than air. The
former include airships, balloons, and captive or kite balloons,
these are supported in the ar not, as is commonly supposed,
by the gas insde them, but rather by the ar which this gas
displaces. It is not the purpose of this book to ded with this
type of arcraft, but a brief summary of the principles of their
flignt will be gven. The latter, or heavier-than-ar type,
condsts of many different forms which can conveniently be
grouped under two headings, power-driven and non-power-
driven-to which we should perhgps add a third, the very
interesting man-power-driven (one of the problems of flight
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that is gill only on the threshold of being solved). The non-
power-driven forms are gliders, sail planes and kites.

The diginction between a glider and a salplane is a subtle
one, the latter being a lighter type which is able to “soa” in
up-currents of wind. Every boy knows what a kite is, so |
will not trouble to explain it. It might be imagined thet, in
these days, every boy knows what an agroplane is, but un-
fortunately there has been much confuson over the terms
used for heavier-than-air power-driven aircraft.

In an atempt to minimize the confuson, the British Standard
Glossay of Aeronautical Terms divides them into three types—
aeroplanes, rotorcraft and ornithopters. Theterm aeroplane
indudes arcraft which fly off the land and those which fly off
the water, and, of course, amphibians, which can fly off ether.
This means that a seaplane is merdly a particular type of aero-
plane so designed as to be able to fly off and on to water, and
therefore, to didtinguish them, aeroplanes which can only fly
from land are classfied as land planes. Seaplanes themselves
may be divided into two types, float planes and flying boats.

It will be noticed that helicopters, and other types of rotary-
wing arcraft-the diginction between the three types will be
explained later—are, srictly spesking, not aeroplanes at dl;
nor is the flapping-wing ornithopter, though that won't worry
us vay much. Whether hovercraft are a form of arcraft is
dill  disputable.

Fig. 1 and the photographs at the end of the book should
help to make the various terms clear. Fig. 2 shows the names
of some of the man pats of a land plane if you are not
dready familiar with them have a look a them now, they will
help you to understand the rest of the text.

3. Lighter than Air

In the lagt section | promised to say a little more about aircraft
which are lighter than air.
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These depend for ther lift on a wdl-known scientific fact
usudly cdled Archimedes’principle. When a body is immersed
in a fluid, a force acts upwards upon it, heping to support its
weight, and this upward force is equd to the weght of the
flud which is displaced by the body (Fig. 3). A fluid, of
course, may be ether a liquid, such as water, or a gas, like air.
Thus a ship (or a flying boat when on the water) floats because

Upthrust equal to
weight of dis.{zlaced water

[Opoard sl equal
— lo weighy of displaced
P — wale

Water line
=—— —\gH MR = =
— p——————— = o + H— =
— o
Displcced/
[ water
—Weight of body.
\
Weight of ship
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displaced by the metd, thus proving tha there is an upward
thrust equa to the weight of displaced water.

An arship (or blimp), baloon, or kite baloon obtains its lift
in precisgly the same way. The envelope of the airship displaces
the ar, and therefore there is an upward force on the arship
which is equd to the weight of the displaced ar (Fig. 5). If
this upward force is equd to the weight of the arship, it will

Upward Thrust equal to | weight of displaced air

—

Weight of Balloon

+ Weight of Gas.

Fig. 3. Principle of
Archimedes

Fig. 4. Archimedes principle
applied to a ship

the water which it displaces is equd to the weight of the ship
itsdf (Fig. 4). The same ship will float higher out of the water
when in sea water than in fresh water. This is because sea
water is heavier, and therefore a smdler quantity needs to be
displaced in order to support the weight of the ship. Only a
gmdl portion of a ship is immersed in the water, yet the same
principle is true of bodies which are totdly immersed and which
may even be incgpable of floating a dl. For indance, if a
lump of lead or other metd is weighed in water, it is found to
weigh less than when weighed in air, and this apparent difference
in weight is exactly equad to the weght of water which is

\

Fig. 5. Archimedes principle applied to a balloon

float; if the upward force is greater than the weight, the air-
ship will rise if it is less it will fdl. A cubic foot of ar weghs
only about 0-08 Ib (roughly 13 0z), and therefore that is the
greatest weight which one cubic foot can support. So you will
soon see why it is necessary for the envelope of an arship to
be s0 large and why the weight must be kept as small as poss-
ible. The R 100 and R 101, the lagt two arships to be built
in Great Britain, had each a cgpacity of over five million cubic
fedt.

In order to keep the weight of the arship itsdf as amdl as
posshle it mugt in the fird place be made of the lightest
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materials available, provided of course they are of sufficient
strength. Secondly, a very light gas must be used in the enve-
lope. Theoreticdly, the best thing which could be used in the
envelope would be nothing, i.e. a vacuum; but in practice
this cannot be done, because the pressure of the air outside

Fig. 6. Pressure inside and outside a balloon or airship

the envelope would be so great that the sides would cavein
unless the skin of the envelope could be made tremendoudly
strong, in which case it would weigh so much that no advantage
would be gained. However, even the lightest gases can exert
a pressure from the inside which will balance the pressure of
the atmosphere from the outside (Fig. 6), and this means that
the skin of the envelope need have very little strength, and
therefore very little weight, provided it is gas-proof to prevent
leakage in or out. The lightest gas in commercia useis
hydrogen, and, for many years, this gas was aways used in
arships and baloons. Unfortunately, however, hydrogen is
very inflammable, and its use added considerably to the dangers
of lighter-than-air flying. So the gas helium came to be used,
in spite of the fact that it is much more expensive and twice as
heavy as hydrogen.

Hydrogen weighs about 0-0055 Ib/cu ft and helium about
0.011 Ib/cu ft, and in each case, of course, the weight of the
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gas tends to subtract from the lifting power of the displaced air.
Thus, if an airship is filled with hydrogen, each cubic foot of
envelope will support 0.0800 Ib less 0-0055 |b, i.e. 0-0745 Ib; but
if filled with helium a cubic foot will only support 0-0800 Ib
less 0.0110 Ib, or 0-0690 Ib. If we multiply each of these by
5,000,000, they represent about 166 tons and 154 tons re-
spectively. Thus the use of helium instead of hydrogen in an
airship of this capacity will mean aloss of net lift of as much as
12 tons, and when it is remembered that the structure and
engines of the airship itself will weigh over 100 tons, it will
soon be realized that this loss of 12 tons is a very considerable
proportion of the useful lift of the airship. However, so great
was the fear of fire in arships, that the extra safety provided
was held to judtify the use of helium in spite of this consequent
loss of lift.

We have said that a cubic foot of air weighs about 0-08 |b.
Now, thisisonly true of the air near the earth’ s surface. As
we ascend, the air becomes very much thinner and therefore
a cubic foot will weigh less, and each cubic foot will conse-
quently support less. So, if an airship is just able to float near
the earth’s surface, it will be unable to do so at a greater
dtitude, because the weight of displaced air will not be sufficient
to support it. It isfor this reason that ballast is carried; this
can be thrown overboard to lighten the ship when it is re-
quired to climb. Thisisall very well whiletheclimbisin
progress, but what is to happen when we wish to descend?
There is no means of taking on board extra weight, and there-
fore the only thing to do is to release some of the gas and
allow air to take its place, thus decreasing the weight of air
displaced, reducing the lift and alowing the ship to sink. It
will be obvious that these processes cannot go on indefinitely,
as neither the ballast nor the gas can be replaced until the
arship returns to its base.

Ancther problem is that, owing to changes in the pressure
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of the ar outsde the bdloon or arship, it is not easy to
equdize the pressures indde and outsde the envelope at Al
heights unless the volume of the envelope can change. Thus
it is that a toy bdloon, filled with hydrogen a a reasonable
pressure a ground level, expands as it rises and eventualy

Balloon Tuelve  Miles b

Balon d Sea-lovel
Fig. 7. Stratosphere balloon

burgs. To prevent such an occurrence with a red baloon it
is only patidly filled a ground leve and presents the gp-
pearance shown in Fg. 7.

4. Lighter than Air-More Problems

These are some of the problems of lighter-than-air flight, but
they are by no means the only ones. In order that an airship
may carry a reasonable proportion of useful load it must be
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very large; thelarge ship means expense, difficulties of housng
and manipulation on the ground, large head resistance, and
very considerable structural design problems. All these
difficulties, together with that of the fire risk, were courageoudy
tackled in various countries, but repested failure caused such
losses in men and materid in the period between the wars that
in Great Britain, a any rate, we fdt compelled to stop any
further experiments on this type of arcraft. The wisdom of
this policy was much disputed, but the fact remains.

Until the outbresk of the Second World War, experimenta
work on arships was dill being caried out in Germany and
the United States; in the latter country the metd-clad arship
had been proved to be a practica proposition.

The war itsdlf retarded rather than advanced experimenta
work on the subject, and the steady improvement which has
taken place in arcraft of the heavier-than-air type is certainly
likdy to decrease the chances of a revivd of interest in
arships. But one can never be sure-as recently as 1958 a
new non-rigid arship of about one and a hdf million cubic
feet capacity was launched in the United States, and the
Geamans have never completely logt ther fath in this means
of transport.

Of the other lighter-than-air types the free baloon may now
be consdered as obsolete except for scientific purposes such
as the exploration of the highest regions of the amosphere. There
ae ds a few enthusasts who 4ill take part in balooning as
a sport.

The captive or kite baloon was extensvely used during the
1914-18 war as a means of observation for gunfire. After that
war its chief use seemed to be to provide spectators at the Royal
Air Force Digplays with the never-faling attraction of seeing
it brought down in flames. In the Second World War the cap-
tive baloon again played its pat; this time as a means of pro-
tecting important towns and ships a sea from attacks by enemy
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arcraft; or, rather, to force raiding arcraft up to such a height
that accurate bombing was rendered diffkult. And athough such
baloons can have only a very limited use, ether now or in the
future, they Hill exist in reasonable numbers — which is more
than can be sad for the free baloon or arship.

5. The Atmosphere

But we cannot get much farther in understanding the problems
of flight without condgdering in more detall the properties of
the atmosphere on which it depends. The atmosphere is tha
veary smdl portion of the universe which surrounds the surface
of tbe earth with a bt of ar-and it is only in this amosphere
that flying, as we have defined it in Section 2, is possble The
internal-combustion engine, whether piston or turbine, needs
ar in order to obtain its power; the lift of the arcraft, whether
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lighter or heavier than ar, the controls the dability, dl
depend on the ar and the forces which it produces.

The most important property of the atmosphere, so far as
flying is concerned, is its dendty. The way in which this fdls
off with height (Fig. 8) has already been mentioned in
connection with lighter-than-air flight, but it is just as important
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Fig. 9. How pressure fallswith height

Although the curves of Figs. 8 and 9 look similar, they are not
exactly the same: pressure falls off morerapidly than density
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for heavier-than-air flight, and is dearly shown in the diagram;
notice that whereas 100 cu ft of ar weigh 8 Ib a sea levd,
they weigh only 4 Ib at 20,000 ft and less than $ Ib a 60,000 ft.

Notice how the pressure aso decreases with height (Fig. 9)
—in fact, this is redly the cause of the decrease in densty

~\

Temperature in degrees centigrade
w
o
]

0 10 20 30 40 50 60 70
Height in thousands of feet

Fig, 10. Change of temperature with height

the ar near the earth’s surface being compressed by the weight
of dl the air above it, nearly 15 Ib on every square inch at sea-
level. As the pressure is released to 7 Ib on each square inch
at 20,000 ft and only 1 Ib on a square inch at 60,000 ft, the air
is able to expand and the dendity decreases.

The temperature aso fdls off, but in a rather curious way
(Fig. 10). Up to about 36,000 ft above the earth’'s surface the
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fal is quite regular (about 2°C, or 3°F, per thousand feet),
then the fdl suddenly ceases, and for grester heights the
temperature remains fairly congtant a about -57°C. At that
temperature, however, there is not much consolation in knowing
that it will not get any colder. This sudden check in the fdl
of temperature has resulted in the lower part of the atmosphere
(that part with which we are most concerned in this book)
being divided into two layers (Fig. 11), the one nearer the
eath, in which the temperaiure is faling, beng cdled the
troposphere, the higher one, in which the temperaure is
condant, the stratosphere. The surface dividing the two is
caled the tropopause.

But perhaps the most aggravating feature of the atmosphere
is its changeability-it is never the same from day to day,
from hour to hour. For this reason we have been forced to
adopt an average set of conditions (as shown in Fig. 11) cdled
the International Standard Atmosphere. Although there may
never be a day when the conditions of the atmosphere al the
way up are exactly the same as those average conditions,
they do serve as a standard for comparing the performances of
arcraft. For ingance, when a height record is attempted, the
height dlowed is not the height actudly achieved but the
height which, according to cdculation, would have been
achieved if the conditions had been those of the International
Standard Atmosphere. S0 it is no good choosng a lucky day!

It is not easy to say how far the aimosphere actualy extends,
for the ample reason that the change from amosphere to
goace is 0 gradud thet it is impossible to decide on a definite
dividing line for this reason it is hardly surprisng to find that
edimaes of the maximum height vary from 50 to 250 miles
or more-rather a wide range. So far as aircraft are concerned,
the higher we get, the more difficult does it become to go any
higher. At record-bresking heights we dready have to pump
ar into the engine, enclose the pilot in an ar-tight suit, supply
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him with oxygen, and heat his dothing atificidly, while the
arcreft itsdf can hardly get sufficient support in ar that hes
not got one-quarter the thickness of the air near the ground.

Nor is it surprisng that estimates of temperatures in even
higher regions of the amosphere vary very considerably—
between temperatures both above and below anything known
on eath-when the ar is o thin it isn't the temperature of
the air that matters so much as the temperatures of the outer
surfaces of the arcraft.

But in these days of missiles, satellites, and spaceships, we
have become very interested, not only in the upper reaches of
the atmosphere, but in the space beyond it. These may not
be arcraft (as we have defined the term), and dthough they
may not even fly (according to our definition), no book on
flight, with or without formulag, can any longer leave them
out of consderation; we shdl have more to say about them
towards the end of the book.

6. Lift and Drag

But, for the present, let us return to earth and turn our
atention to red arcraft, and more paticularly to the aeroplane
in its various forms.

In order that an aeroplane may fly, we must provide it with
a lifting force a lesst equad to its weight. In that respect there
is no difference between the aeroplane and the arship; it is
in the method by which the lift is provided thet the difference
lies.

Take a piece of giff cardboard (Fig. 12) and push it through
the ar in such a way that it is inclined a a smdl angle to the
direction in which you push it, the front (or leading edge) being
dightly above the rear (or frailing edge). You will find that

Thefiguresgivenin Fig. 11 are only approximate, but they are sufficiently
accurate to give agood idea of the changes in the atmosphere with height.
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the result of pushing the cardboard through the air is to produce
on it a force which tries to push it upwards and backwards.
The upward part of this force we call lift, the backward part we
cdl drag (Fig. 13).

It is quite likdy that the upward force will be sufficient to
lift the cardboard, which will thus be supported in the air. That
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Fig. 712. Principles of heavier-than-air flight
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Fig. 13. Meaning of lift and drag

is how an aeroplane flies. So simple, isn't it? Yes-the
cardboard is, in fact, acting just like the wings of an aeroplane.

What will happen if we release the cardboard? Try it for
yoursdf, and you will soon see It may continue its flight for
a dhort digance-in fact, it may actudly rise as it leaves your
hand-but very soon it will cease to move forward, it will
probably turn over, its leading edge going over the top, and
then flutter to the ground. This shows that in order to obtain
lift we must congtantly push the cardboard forward, and in

Plate 1. The Pilatus PC-9 typifies the new breed of fue-efficient turboprop trainers
being used to replace expensive jetsin the world' s air forces. The staggered cockpits
give the instructor in the rear a good view. Modern gjection seats and fighter-type
instruments are fitted.




Plate 2. The Swedish Saab 340 is one of the most popular of the 30/40-seat twin-
turboprop regional airliners. Thanks to highly efficient engines and Dowty Rotol
composite-blade propellers such aircraft are quieter than 1950s turboprops or jets
and burn much less fuel per passenger seat. Note the black pulsating-rubber deicers
on the leading edges.
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the red aeroplane this is provided for by the thrust. How
thrust is obtained is explained in a companion book in this
series, Thrust for Flight.

7. Air Speed and Ground Speed

In the last section we suggested that you should push the
cardboard through the air. If you happen to try this smple
experiment out of doors and if a wind is blowing, it will only
be necessary to hold the cardboard still in a gmilar pogtion,
i.e. with its higher edge facing the wind. You will agan fed
the upward force, or lift, and the backward force, or drag,
and if you reeasse the cardboard it will behave very much as
before. This is because it redly amounts to the same thing
whether the cardboard is pushed through the ill air, or
whether a stream of moving ar moves past the cardboard.
The speed at which a body moves through the air, or at which
the air moves past a body, is called the air speed. The speed
at which a body moves over the ground is called the ground
speed. In our first experiment there was both a ground speed
and an ar speed, but in the second experiment there was an
air speed but no ground speed, because the cardboard was
held 4ill rdative to the ground.

We are s0 accustomed to thinking of speed and directions
of movement in relation to the ground that it is very essy to
forget that flying takes place in the air, and it is only movement
relative to the air which maiters when we are sudying the
flight of an agroplane. | say “when we are sudying the flight
of an aeroplane” and you must understand dearly that this
means when we ae sudying the principles and methods of
flignt; it is farly obvious thet if we wish to fly from London
to Moscow it will make a consderable difference to the time
taken whether the wind is with us or agang us. In other
words, the ground speed will matter very much when reckoning
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the time taken to fly between the two capitds but the ar
speed, and therefore the lift and the drag, will be the same in
both ingances. An aeroplane is dways travelling against a head
wind. Thinking of it from a podtion on the ground, we may
say that there is a following wind or a Sde wind, we may say
that an aeroplane is flying “up wind” or “down wind’; but
to the arman there is only a head wind. Anyone who has had
expeience of flying jus aove the douds will have hed
convincing proof of this he will have noticed how the clouds
dways seem to come to the agroplane from the front, even
though there may be a sde wind or a following wind.

Once you undergand it, dl this will sound very smple and
obvious, but | have emphasized it because | have found that
many do not see daylight until the point has been pressed home.

Now ask yoursdf the following questions.

(@) The normd air speed of a certain aergplane is 80 m.p.h.
If it is traveling from west to east with a 100 mp.h.
westerly gade blowing behind it, in what direction will
a flag on the agroplane fly?

(b) In wha direction will the flag fly if the gde is from the
north and the aeroplane is ill heading towards the east?
(It will, or course, travel crabwise over the earth's
surface)

(© In what direction will a flag fly in a free baloon which
is flying in a seady wind of 30 m.p.h. from the north?

(d) An agroplane has enough fud to fly for 4 hours a
100 m.p.h. If there is no wind, how far can it fly out
from base and get home again; that is to say what is
its radius of action?

(e Will the aeroplane of quedtion (d) have the same radius
of action if there is a seady wind of 20 m.p.h.?

(f) You are asked to handicgp aeroplanes of different
oeeds for a race in which they will be required to fly
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from A to B and back from B to A. Will the speed of
the wind a the time make any difference to your
handicapping ?

If the answers to the questions are: (a) Directly backwards,
(b) Directly backwards ; (¢) Downwards (will not fly at dl) ;
(d) 200 miles; (€) No; (f) Yesthen dl is well, and | gpologize
for dl the fuss. But if, as | suspect, they may be somewhat

&0 miles J

1
‘ sy Wind speed, 60 mp.h. ‘

Slow machine: Ground speed, outward journey: {20 m p.h.
Ground speed. return journey: nil.

Fast machine  Ground speed. outward journey: 180 mph.
Ground speed, return journey: 60 mp.h.

Fig. 14 Air speed and ground speed

different, then think again and you will soon begin to see
through it dl. If (6) and (f) puzzle you, and you reckon that
what you lose when the wind is againg you, you gain when it
is behind you, then take some figures for (f). Imagine two
aeroplanes of air speeds 120 m.p.h. and 60 m.p.h. Suppose
the distance from A to B is 60 miles (Fig. 14) and the wind is
blowing & 60 m.p.h. in the direction AB. Start off your sower
machine firg-it will fly from A to B a a ground speed of
120 m.p.h, reaching B in hadf an hour, then it will turn round
and . . .? Stat your faster machine an hour later, a week
later-it does not matter, it will ill win. But if there had
been no wind and you had given your dow machine anything
over an hour's dat, it would have won. The conditions
quoted may be unlikely, but they are not impossble, and in
any case they sarve to show the principle that handicapping
of ar races depends on the wind. Ancther smple fact, but
one that has often been forgotten-even by handicappers
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Much the same kind of argument gpplies to question (€), even
though the wind speed is only 20 mp.h. Work it out for
yoursdf assuming that the wind comes from, say, the north
and that you decide to fly againg the wind firgt, and have the
advantage of it coming back. You will find that you only
have enough fud to fly 192 miles and get back. The answver
will be jugt the same if you gart by flying south. If you decide
to fly et or west the cdculation is rather more difficult, but
the point is that in whatever direction you fly the radius of
of action will be less than 200 miles.

8. Direction Relative to the Air and Relative to the Ground

The examples show that we must be careful to didtinguish,
not only between air speed and ground speed, but between the
direction of travel of an agroplane rddive to the ar and rdive

§ Direction in which

il | aeropiane [is
pointing

. . Actual direction
Directior travelled| over
of wind round

Fig. 15. Effect of wind

to the ground. In the example (b) given above, the aeroplane,
dthough pointing towards the eadt, will actudly travel in a
south-eagterly  direction (Fig. 15); this is the man difficulty
of aerid navigaion, a subject which dl pilots must learn. But
there is yet another aspect of this ar direction and ground
direction when we condder the climbing or gliding of an
aeroplane; an aeroplane which climbs or glides againg a head
will appear to climb or glide more steeply when viewed from
the earth, dthough relative #o the air the path of climb or glide
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will be the same as in a cdm or a following wind. This fact is
of tremendous practicd importance in flying, as the illusration
will clearly indicae (Fig. 16). The difference between air
direction and ground direction is even more noticable when
the wind is ascending, as on the dope of a hill or benesth a
cloud; thus it is that a salplane may “dimb’ (rddive to the
eath) and even move “backwards’ (reletive to the earth),

jo-Distance truvelled fw—— Distance travelled with the wind —_—

aqainst the wina

Fig. 16. Effect of wind on angle of glide relative to the earth

wheress it is redly al the time gliding downwards and for-
wards (rdative to the air).

Now, after dl that, you must dways try to think relative to
the air when you are dudying the theory of flight; but if you
are a pilot, or ever become one, you will be well advised not
to forget the importance of your movement relative to the
ground, especidly when you wish to meke contact with it
after a flight!

9. Wind Tunnels

We began our study of how an aeroplane flies by means of
a practicd experiment, even if it was only with a piece of
cardboard. We need not fed ashamed of ourselves for begin-
ning in this way, for we are only following in the footsteps Of
great men. The Wright brothers, the pioneers of power-driven
flight, were compelled, rather reuctantly, to resort to such
experiments before they were able to build an aeroplane that
would fly. Even a the present day, when our knowledge of
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the theory of flight has advanced so much, the greatest designers
hedtate to use any new device until it has been tried out on a
modd.

The most common method of experiment is to use a wind
tunnd (Fg. 17), in which the modd is supported while the
ar flows padt it, the ar being sucked through the tunne by a
fan driven by an eectric motor. As we have dready noticed,

DOWN WARD
rORCE 0'&1
MODEL

FAN
/ AR-STREAM STRAIGHTENER
\-g

BALCK WARD

FORCE ON MODEL \ °

Fig. 18. Principle of a wind-tunnel balance

The weights Ly and Lg together measure the total downward force
or lift; the weight D measures the backward force, or drag.

CIRCULAR INLET,

Fig. 17 A wind tunnel

POSITUN K\

FOR MOIEL

it is the reaive ar velocity which maiters, so that for most
] , purposes the air flowing past the stationary modd will produce

the same resaults as the modd moving through the ar. The

forces on the modd are measured by means of a baance,

[T gmilar to an ordinary weighing machine, to which the modd
is attached by fine wires or thin rods (Fig. 18).

The results of wind-tunnel experiments are gpt to be mis
leading for various reasons, the chief one being what is known
as scale effect. The object of making experiments on modds is
to forecast the forces on the full-scale agroplane when in the
ar. In order to do this we must know the laws which connect

CIRCULAR OUTLET

HONEYCOMB :
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the forces on the modd with those experienced in flight. It is
farly easy to form theoreticd laws, and these, which will be
mentioned in later paragrephs, are confirmed by experiment
30 long as there is not much difference between the size of the
model and the full-scde aeroplane, or between the veocity
of the wind-tunnd test and the veocity of actud flight.  When
the differences are great, and they often are, the laws seem to
bresk down and our forecasts are found to be untrue. This
is whet is meant by scde effect, and it becomes more serious
as the size and velocity of aeroplanes tend to increase. For-
tunately we have learned to make corrections to adlow for this
error, and we are aso building larger and larger wind tunnels—
2 lage in fat that red full-sze aeroplanes will go in
them- but even so we cannot achieve the same air velocity in a
tunnd as that of modern flight.

The reader may wonder why the wing is upsde-down in
Fg. 18. The explanation is quite ample; in this podtion the
downward force caused by the air flow meredly adds to the
downward force due to the weight so that we only have to
measure downward forces. If the wing were the right way up
the lift due to the ar flow would be upwards and the weight
downwards and so we might have to measure forces in both
directions.

In connection with scade effect you will hear highbrow
people talking about Reynolds numbers. This is one of the
ingances where they try to pretend that they are talking about
something which is fa beyond your understanding. Don't
believe it! A high vaue of the Reynolds number of a certan
test is only a fancy way of saying that either the speed or scde
of the test approaches full-scale vaue; the greater the speed,
the greater the scde, the higher is the Reynolds number.
Owing to the units used in cdculaing this number the numeri-
cd vaues are high, ranging from 100,000 or so in a test a low
peed in a smdl wind tunne to 20,000,000 or more for a large
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machine in high-gpeed flight. The term is an old one, dating
back to Professor Oshorne Reynolds, the famous British
phydcis of the nineteenth century, who discovered that the
flow in waer pipes dways changed in character when the
veocity multiplied by the diameter of the pipe reached a
certain vaue-which came to be caled the Reynolds number
after him. The highbrows will say that | haven't told you the
whole gtory. Nor have I-but | have told you enough to give
you a good idea of what it is dl about.

Another difficulty with wind-tunnd experiments is that dl
the details of a full-scale aircraft cannot be reproduced ac-
curately on the modd. Any reader who has made models
will undergand this difficulty. On an agroplane there ae
many small parts, not to mention the roughness of the surfaces,
and it is often these very detalls which are so important. There
can be no way out of this difficulty except to make the models
as large and as accurate as possible.

This leads us to yet another error. Both the difficulties
dready mentioned seem to suggest that we should make our
modds large, but, unfortunately, if the modd is large the
tunnd must be much larger still, snce othewise the ar is
forced by the wadls of the tunnd to flow quite differently from
its flow in the free amosphere. So once again we need large
tunnds, and we are only limited by the expense involved and
the power necessary to get high ar velocity.

Some of our troubles can be overcome by working in com-
pressed ar, and there are compressed-air tunnels which can
be pumped up to pressures of as much as 25 times that of the
amosphere. This is redly an atificid means of incressng
the Reynolds number while 4ill keeping speed and scde
within reasonable limits. In short, it heps to complete the
gory which we left unfinished earlier in this section, the truth
being that the dengty (and viscodty) of the fluid dso affects
the Reynolds number of the test.
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One would naturdly expect the most vauable experiments
to be those made on full-scde agroplanes in flight. While it is
clear that this must be the eventud tes, there is much to be
sad agang it-when compared with the wind tunnd-for
experimental  purposes. Flying with new and untried devices
may be dangerous, and it will certainly be expensve. The ar
IS never steady, nor are conditions the same from day to day,
and one cannot test separate parts, such as a wing, a strut or a
whed. So, with dl its faults, there is something to be said for
the wind tunnd after dl.

10.  Smoke Tunnes
One of our difficulties in experimental work is that we cannot
see the air, and it is the way in which the ar flows tha is so
important (Fig. 19). If the ar were visble, there is no doubt

Fig. 19. Seeing the air
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that many so-caled aeronautical discoveries would have been
obvious to everyone. For this reason attempts have been
made to show the flow of ar by introducing jets of smoke, and
this is best done by usng a smdl smoke tunnel and projecting
the results by means of a lantern on to a screen. Very effective
demondrations can be made in this way, but the difficulty is
to find a suitable smoke. Most smoke that can be produced in
large quantities, and is about the same dendty as ar, is
objectionable in some other way. After experiments with
complicated and difficult chemicals, the most satisfactory
results were eventudly obtained with smoke produced by
heeting paraffin or burning cardboard or rotten wood.

Although the reader may have no chance of seeing experi-
ments in a smoke tunnd, he should adways waich dust or
leaves being blown about, or tobacco smoke a lot can be
learnt in this way. Very often short streamers, or tufts of wool,
are attached to models or aeroplanes, as dl these are useful
ads towards “seeing the air.”

11. Air and Water

Sometimes experiments are done by moving modes through
water, because, strange as it may seem, water behaves very
much like air except that the velocity need not be so high, and
this is an advantage from the experimenta point of view. To
get smilar results a body need only move through water a
about one-thirteenth of the speed a which it moves through
ar.

Quite gpart from the scientific use of water as a means of
aeronautical experiment, it is much more suitable than ar for
amaeur observation. Move your hand through air and
nothing appears to happen-in fact, quite a lot does-but move
your hand through water and you can not only see the effect
but you can fed the resistance to motion. There is no need to
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give to Archimedes dl the credit for making discoveries in his
bath; you can do the same yoursdf and not only can you
discover, or rediscover, his principle (on which, as we have
sad, lighter-than-air flight depends), but you can discover,
too, many of the principles of heavie-than-ar flight as
outlined in this book.

The reader may wonder & the idea of water behaving like
ar; if he does s0, he certainly deserves a word of explanation.
Both water and air are fluids, but water is a liquid and ar is
a gas, and one of the differences between a liquid and a gas is
that the former is, for dl practica purposes, incompressible,
whereas the latter is easly compressed. Is not this question
of compressbility important in flight? The answer is, a low
speeds, no; a highspeeds, yes. That is al very well, but high
speed and low speed are reative terms, where is the dividing
line? You may be surprised a the answer. Low-speed flight—
thet is to say, flight in which the compresshility of the ar is
not of practical importance—is flight at speeds less t7ian that
at which sound travels in air. High-speed flight—that iSto say,
flight in which the compressibility of the air is of importance—
is ﬂight at speeds greater than that at which sound travels in air.
What is this speed? And why is it so dgnificant? The fird of
these questions is easy to answer-about 760 m.p.h. or 1,100 ft/
st-not exactly dawdling! The second question needs and
deserves a longer answer, and it will be given in some of the
later sections. Suffice it now to say that sound, which is in
effect a compresson of the air, travels or is transmitted through
the air on a kind of wave which compresses first one part of
the air, then the next, and so on. When a body moves through
the air at speeds lower than the speed of sound these sound or
pressure waves go out in front and warn the ar that the body
is coming; the ar then smply gets out of the way, passng on
one sde of the body or the other, just as water divides when a
ship passes through it. The air is not compressed, and behaves
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just as if it were incompressible-like water. But when a body
travels a speeds above that of sound, the warning wave does
not travel fast enough to get ahead of the body, so the ar,
ingtead of dividing and passing smoothly past the body, comes
up agang it with a shock and is compressed.

Now, most aeroplanes even in these days cannot fly a the
speed of sound, and even those that can must start and end
their flight below that speed-let us hope that they dways
willl-and s0 the subject that we are ill most concerned with
is that of low-speed flight, that is flight in which the air behaves
as if it were incompressble and in which we can therefore
learn from experiments in water. Most of this book is devoted
to this kind of flight, but the time is past when an author can
avoid the obligation of saying something about the other kind,
and this obligation will be fulfilled to the best of my ahility in
later sections.

While discussng the subject of ar and water it may be
gopropricte to mention a type of vehicle which is actudly
supported by wings under water-the hydrofoil craft. We can
hadly cdl this an arcaft, but if we subditute “driven
through the water” for “driven through the ar”, it fulfils the
definition of an aeroplane as given on page 2. The gmilar-
itiesand differences-between hydrofoil craft and arcraft
ae 0 interesting that a book on Hydrofoils has been
incduded in this series

12. Centre of Pressure

After this long but important diverson, let us return to our
cardboard. If, a we push it through the ar & a smal angle—
this angle, by the way, is cdled the angle of attack or angle of
incidence (Fig. 20)-we hold it at the centre of each end, then
not only shal we fed an upwards and backwards force exerted
upon it, but it will tend to rotate, its leading edge going over
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the top. Similarly, if we try to make it glide of its own accord,
it will tun over and over. This is because the effective or
resultant force acting upon it is in front of the centre-line,
whereas we are holding it on its centre-line, or, when it is left
free to fly by itsdf, its weight is acting downwards a the centre.
If we hold it farther forward, or if we add weights to it so that
its centre of gravity is father forward, we shdl eventudly

FLIGHT WITHOUT FORMULAE

Centre of
Pressure,

Direction of travel
— T

........

Angle o!‘a,,oq
—— e

Direction of air Flow

Fig. 20. Angle of attack and centre of pressure

find that it tends to turn the other way, the nose dipping
downwards. With a little practice we can find a postion such
that it does not tend to turn either way, and then we have
found what is cdled the centre ofpressure (Fig. 20).

13. Stability and Instability

When the centre of pressure and the centre of gravity coincide,
the plane is baanced, or is in equilibrium (Fg. 21q). If the
centre of pressure is in front of the centre of gravity, it is sad
to be tail-heavy (Fig. 21b) ; wheress if the centre of pressure
is behind the centre of gravity, it is nose-heavy. At present we
are talking about a piece of cardboard; we are doing things in
a dmple way a fird, but we ae dl the time learning big
principles, and what is true of the cardboard is equdly true of
an aeroplane weighing many tons.

Now, dl would be very smple if the centre of pressure
adways stayed in the same place, but unfortunately it does not.
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As we dter the angle of attack, i.e. the angle at which the plane
drikes the air, the centre ofpressure tends to move. We shdl
investigate the reason for this later; a present, let us be
content with the fact that it does. If, as we increase the angle,
the centre of pressure moves forward, then it will be in front
of the centre of gravity and will tend to push the nose farther

Lift

Lift

Direction of travel

Centre of gravity

pressure

l Weight Weight

Fig. 2la. Balance Fig. 21b. Tail-heavy

upwards, thus increedang the angle ill more. This in turn will
cause the centre of pressure to move farther forward, and this
-well, you can guess the rest. Thisiscdled an unstable state
of affarsthe mere fact that things become bad makes them
tend to become worse. If, on the other hand, as we incresse
the angle, the centre of pressure moves backwards, it will
then be behind the centre of gravity and will tend to push the
nose down agan and restore the origind angle. This is cdled
a stable date-when things become bad, influences are set up
which tend to make them become better again. As before,
what is true of the cardboard is true of the aeroplane-if we
want the agroplane to be stable, and you can probably guess
that we do, then we must arange for the latter conditions to
goply. How? That is a long gory; but it will adl come out in
due time.
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14. The Wing Section

Everyone nowadays knows that, dthough we 4ill cdl an aero-
plane wing a “plang” it is not, in the geometricd sense a
“planeg’ a dl. It is a curved or cambered surface-in fact,
it is redly made up of two surfaces, each with a different curve
or camber. The technicd name for such a wing is an aerofoil,
and the cross-section through an aerofoil is caled an aerofoil
section (Fig. 22).

S

Fig. 22. An Aerofoil Section

There are two reasons for curving the surface : fird, a
curved surface gives much better lift, and secondly, we must
have thickness to give drength to the Structure. Some old
books on the subject devoted a lot of space to the study of the
flat plate and in the last edition of this book we were rash
enough to say that no flat surface had ever been used or was
ever likey to be used for red aeroplanes. What a wonderful
example of how careful one has to be in this subject-instead
of real aeroplanes we ought to have said low-speed aeroplanes,
because in fact many supersonic aerofoil sections have some
flat surface, though of course they mugt ill have thickness to
give them drength..

It is true that we began our study with a flat piece of card-
board, but it did serve to explain terms like angle of atack,
lift, and drag. Besides, there was another reason: bend it into
a curved wing section and try it for yoursdf. It won't fly so
wel as it did when it was flat-in fact, the chances are that it
will turn over on its back. You then may try to readjust the
weight because the centre of pressure is in a new postion. If
you do, it will probably turn over in the other direction. It
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has become unstable (Fig. 23), whereas, as a flat plate, it was
dightly stable. We have discovered the only disadvantage of

the curved surface for arcraft that fly below the speed of

Lrr
LFrT
LiFr
WeiGHT
WeiGHT
(a) ( b) (c)

Fig. 23. Movement of centre of pressure

Ea; Small angle-nose-heavy.
b) Medium angle-balanced.
(c) Large angle-tail-heavy.

sound ; but before we enlarge on that, let us turn to a further
invedtigation of its advantages.

15. Air Flow over a Wing Section

If we wish to go upwards we must push something, or try to
push something, downwards. In climbing a rope one gets a
hold of it and pulls onesdf upwards by trying to pull the rope
downwards. In going up a flight of dars one puts one's foot
on to the next gair and attempts to push it downwards, and
the Sar exerts an upward reaction by which one is lifted. It
is true that in these ingances neither the rope nor the dairs
actuadly move downwards and it is better that they should not
do so; but there are ingstances, such as in ascending a sandy
dope, where for each step upwards sand is pushed downwards.
A drowning man will dutch a a sraw-it is his lag N9
effort to get hold of something and pull it downwards so that
he can keep himsdf up.
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An aeroplane is no exception to these rules, the wing is 0
desgned, and o0 inclined, that (in passng through the ar) it
will firgt attract the air upwards and then push it downwards
and by so doing experience an upward reaction from the air.

“Velocity=
-~ of Airfiow--

-

=~ Direction,
B e

Fig. 25. Air flow over a flat plate

It is a ample example of one of Newton's lavs“To every
action, there is an equa and oppodte reaction.” The down-
ward flow of ar which leaves an aeroplane wing is cdled
downwash.

Now, the greater the amount of air which is deflected down-
wards by a wing in a given time, the greater will be the upward
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reaction, or lift; on the other hand, the greater the disturbance
caused by the motion of the wing through the ar, the greater
will be the resstance to motion, or drag. Therefore the am
in the desgn of a wing, and in choosing the angle, is to secure
a much downwash as possble without at the same time causing
eddies or disturbance. This is where the curved aerofoil is
superior to the flat surface (Figs. 24 and 25), and this dso
explans why the angle of atack used in flight is so amdl. The
gradud curvature of the wing section entices the ar in a down-
ward direction and prevents it from suddenly bresking away
from the surface and forming eddies, and dthough a larger
angle would give more lift, it would creste more disturbance
and cause more drag.

16. Pressure Didtribution round a Wing Section

Notice how effective the top surface of the wing is in curving
the ar flow downwards, the bottom surface acts in much
the same way on both the aerofoil shape and on the flat plate,
but it is the top surface of the aerofoil which scores.

We have, o far, conddered the reaction on the wing as if it
were a single force acting a a place called the centre of pressure,

Shh‘c . ' Static
a b ¢ 4 Pressure dpcaet ghkimnop Pressure
p T ¢ |
kn.._:‘\_:"t‘__ag'?\',\’

Adjustable

Reservoir

R jervoir

Part Plan View of Aergfoil

Fig. 26. Pressure plotting
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but it is in redity the sum totd of al the pressure acting upon
the surface of the agrofail, this pressure being digtributed dl
over the surface. Didributed-yes, but not, by any means,
equally digributed. This can easily be shown by what is
known as pressure plotting. Smdl holes round the wing are

Resoltant
4

Decreased
Pressures

I,

/%[’Tth/

Increased
Pressures

Fig.27. Distribution of pressure over a wing section

connected to glass tubes, or manometers, in which there is a
column of liquid, the glass tubes being connected at the bottom
to a common resarvoir (Fig. 26). If the liquid in any tube is
sucked upwards, it means that the pressure at the corresponding
hole on the surface of the wing has been reduced; smilarly, if
the liquid is forced downwards, the pressure has been increased.
In this way a kind of map can be drawn to show the pressures
a different parts of the surface of the wing. The diagram shows
such a map for a typicd wing section (Fig. 27). Have a good
look at it; it will tdl you a lot about the mysery of flight.

Notice, fird, that over most of the top surface the pressure is
decrease& -this is due to the downward curvature of the air;

&
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on the bottom surface, however, the air is pressed downwards,
and there is an increase of pressure. Notice that the decrease in
pressure on the top surface is much more marked than the
increase underneath, and thus the top surface contributes the
the largest proportion of the lift. Thisisonly ancther way of
saying what we had aready noticed, namdy that it is the top
surface which is chiefly responsble for the downwash. The
diagram of pressure didribution dso confirms another previous
discovery: it is quite clear that the mgority of the lift, both
a top and bottom surfaces, comes from the front portion of
the wing, and therefore when we replace dl this distributed
pressure by a sngle force, we must think of that force as acting
in front of the centre of the aerofoil-in other words, the centre
of pressure is well forward (notice how we showed this in the
earlier diagrams). All this confirmation of what we had dready
discovered should give us confidence, and we need confidence
in this subject because, dthough it is dl founded on smple
laws of mechanics, it is full of surprisng results and unexpected
happenings.

| do not want, in this book, to worry you with formulae,
figures or mahematics of any kind. You will find dl that in
more advanced books on the subject. But there has been so
much misconception as to the values of the pressures round an
aerofoil that 1 would like to put your mind a rest on that
point a any rate. The misconception arises chiefly owing to
the habit of describing the decreased pressure on the top surface
of an aerofoll as a “vacuum” or “patid vacuum’. Now,
a vacuum means the absence of dl ar pressure; a vacuum on
the upper surface would cause water in the corresponding tube
in the manometer to be “sucked up” to a height of about 36 ft.
In actud practice, the column of water rises three or four
inches, s0 it is not much of a vacuum, hardly even worthy of
the name of “partid” vacuum. Another way of looking a it
is that a vacuum on the top surface would result in an effective
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upward pressure--from the top surface only-of nearly 15 1b/sq
in, whereas the actud lift from an aeroplane wing may not
even be as much as 15 1b/sq ft-and there are 144 square inches
in asquare foot. No, the truth of the matter is that the pressures
round an aeroplane wing are but smal vaidions in the usud
atmospheric pressure of about 15 Ib/sq in, and tha is why
such a large wing surface is necessary to provide the lift
required.

Perhaps we ought dso to explain that where you see the
arows on the top surface pointing upwards you must not
think that there is redly a kind of upward negative pressure on
this surface-it is impossble to have a pressure less than
nothing. What these upward arrows mean is that the pressure
is reduced below the normal atmospheric pressure, and this, in
effect, is producing an upward pressure. The norma amos-
pheric pressure is about 14-7 1b/sq in, o that when the wing
is not moving through the arr there will be a downward pressure
on the top surface of 14:7 Ib on every square inch, and an
upward pressure on the bottom surface of the same amount.
These two cancel out, and the net effect of the pressures is nil.
Now, when the aerofail is pushed through the air, the pressure
on the top surface is il downwards, but it is less than 14-7 1/
g9 in, whereas the pressure on the bottom surface is ill
upwards but more than 14-7 Ib/sq in, and so there is a net
upward pressure equd to the difference between these two,
and the arrows are intended to show that this upward pressure
is contributed both by the decrease on top and by the increase
underneath-more by the former than the latter.

17. The Venturi Tube

The reeder may fed that he would like a little more explanation
as to why the pressure is decreased above the aerofoil and
increased below it. All we have said so far is that it is due to
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the downward curvature of the ar flow, and this is certainly
one way of looking at it. But perhaps a better way is to compare
it with dmilar examples of the same sort of thing. Do you
know what a venturi tube is? In case you do not, here is a
picture of one (Fig. 28). It is a tube which has an inlet portion,
gradudly narrowing, then a throat or neck, followed by the
outlet, which gradudly widens In a well-desgned venturi

/
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Fig. 28. A venturi tube

tube the outlet is usudly longer than the inlet. The tube is 0
shaped-and it must be done very carefully-that ar or other
flud which passes through it continues in Steedy dSreamline
flow; if large eddies are formed, the whole idea of the tube
bresks down. Now, it is quite clear that the same amount of
ar must pass through the throat as passes into the inlet and
out of the outlet. Therefore, since the cross-sectional area of
the tube a the throat is less than at inlet and outlet, it follows
that one of two things must happen-dther the flud must
be compressed as it passes through the throat, or it must speed
up. The throat is after dl wha is commonly cdled a bottle-
neck, and we al know from numerous examples in ordinary
life the sort of things that can happen a a bottle-neck. Think,
for ingance, of a gate or narrow passage a the exit from a
footbal ground. The badly disciplined crowd will try to push
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through the gate, they will be compressed, and, quite apart from
the discomfort, the whole process of getting away from the
ground will be delayed. The wdl-disciplined crowd, however—
if there is such a thing-will move faster as they approach the
gate, pass through it a a run, then dow down agan as the
path widens. Contragt, too, the way in which the traffic tries
to push its way through some of the notorious bottle-necks in
Flow Slowing Down,

Flow Speeding Up, pressure increasing
pressure Decreasing

7 High-speed Flow,
Decreased Pressure

Fig. 29

the London dreets, and the wdl-disciplined speed-up through
the Mersey tunndl.

Now which of these two things happens when a fluid passes
through the venturi tube? Is it compressed at the throat, or
does it flow faster? The answer, in the case of water, is clearly
that it flows fadter; first, because water cannot be compressed
(apprecidbly, a any rate); secondly, and perhaps more
convincingly, because there are so many practicad examples in
which we can watch water and see how it speeds up as it
passes through the throat-stand on a bridge and watch the
water as it flows between the supporting pillars. The reader
may not be so easly convinced about air, but the fact is that
the patterns of air and water flow through a venturi tube are
amog exactly the same (Fig. 29)-s0 much so that indis
tinguishable photographs can be teken-and measurements of
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the speeds show that air speeds up just like water, and, as
dready explained, behaves as though it were incompressible—
provided dways that we are conddering a speed of flow well
below that a which sound travels.

And what is the result of this speed-up of the flow at the
throat? Our pressure plotting experiment, now agpplied to the
venturi tube, gives a convincing answer to that question,
though it is not so easy to explan why it happens. At the
throat the pressure which the air exerts on the sides of the tube
is less than a outlet or inlet; in fact as the velocity increases,
the pressure on the walls of the tube decreases, and vice versa
Why ? The answer you will usudly be givenissmply Bernoulli’s
theorem. That doesn't sound very convincing; and what is
Bernoulli’s theorem? Well, you have probably heard of the
idea of the conservation of energy-that energy may be trans
formed from one form into another but that the sum tota of
dl energy in the universe remains the same.  Some people will
tdl you that it isn't true ; but dom't worry about that, it is
true enough for the purposes for which we are concerned with
it. Wdl, Bernoulli’s theorem is a kind of specid gpplication
of this principle in so far as it concerns the flow of fluids-or
rather the dreamline flow of fluids because if the flow is
turbulent the theorem bresks down. In effect, the theorem
dates that, in streamline flow, the sum of the pressures exerted
by the fluid remains congtant. Now, a fluid can exert pressure
for two reasons fird, because of its movement-this is the
pressure tha we fed when wind blows against our faces—
secondly, because of the energy stored in it which makes it
exert pressure on the sdes of a vessel even when it is not
moving-this is the pressure exerted on the envelope of a
balloon, on the wadls of a pneumdtic tyre, or, to use the most
common example, the ordinary amospheric or barometric
pressure. The pressure due to movement we will call dynamic
pressure, the other the static pressure.
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So, according to Bernoulli’s theorem, the sum of the dynamic
and static pressures remains constant-therefore, as the
velocity (and the dynamic pressure) goes up, the dtatic pressure
must come down. We cannot prove the theorem here, but,
what is perhgps more convincing, we can give severd examples
of its truth in practice. This is probably advissble, because it
is one of those scientific principles which some people think
are contrary to common sense-which seems to suggest that
common sense is more common than sense, but that is by the
way. Have you noticed how the dentist ataches a tube to
an ordinay tgp and in that tube is a smdl glass venturi,
from the throat of which another tube leads to your mouth?
The flow of water through the venturi causes a decrease in
pressure which sucks moisture out of your mouth. Have you
ever noticed how wind blowing through a narrow gap tends
to suck in leaves and dust towards the gap? Have you seen a
draught through a dightly open door close the door, rather
than open it, as common sense might suggest? Have you
noticed how in a whidle, or in mogt wind ingruments, air is
sucked in towards the throat in the ingtrument? Two ships
passing close to each other tend to be sucked together, and
this has often been the cause of collisons smilaly a ship
passing close to awharf tends to be sucked in towards the wharf.

But the best examples of al are from our own subject.
Condgder the wind tunnd, for ingance. When the ar is
rushing through it, the pressure of the ar outdde is grester
than the pressure a the narrowest pat of the tunnd where
the ar is flowing fadest. If you doubt this, try to open a
window or door in the tunnd, and you will soon know 4l
about it. Venturi tubes themsdves-sometimes double venturi
tubes, a little one insde a big one-are used for al kinds of
suction insruments, for measuring ar speed by suction, for
driving gyroscopes by suction.  The choke tube in a carburettor
Is a perfect example of the practicd use of a venturi tube, And
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last, the aercfoil which we are trying to explain. Here there is
no obvious venturi, but by looking carefully a the way in
which the ar flows (Fig. 24) you will notice that the decreased
pressures are where the streamlines are close together, where
the ar is flowing with higher veocity as a the narower
portions of the venturi. As a generd rule, the ar flows faster
al over the top surface, and dower al over the lower surface.
The grestes veocity of dl is a the highest point of the
camber on the top surface, and here is the least pressure, as at
the throat of the venturi. But-let us emphasze this once
agan, because it is important-the best results will only be
obtained if the streamlines are kept flowing close to the surface;
as soon as they bresk away, on both aerofoil and venturi,
there will be less decrease of pressure, less suction.

One of the best ways of thinking about air, or water, flowing
through a venturi tube or over an aerofoil is to think of how
the changes of pressure affect the flow rather than-as we have
done so far-of how the flow affects the pressure. It is, after
al, rather like the chicken and the egg-one doesn't know
which came fird. A fluid flows essly from high pressure to
low pressure; there is, in technica terms, a favourable pressure
gradient-it is flowing downhill so far as pressure is concerned.
This is what is happening between the entrance to the venturi
and the throat, or over the top surface of the aerofoil as far as
the maximum camber-the ar is freewheding, it likes it. But
after the throat, or the point of maximum camber, the pressure
IS increesing, the pressure gradient is adverse, the ar is trying
to go uphill, if we are not careful it will ddl-yes just thet!

18. Why the Centre of Pressure Moves

If we follow up this “pressure plotting” idea we shdl find not
only confirmation, but explanation, of another phenomenon
that may have puzzled us. If we plot the pressure round the
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agrofoil & different angles of attack we shdl find that the
pressure didribution changes, and that it changes in such a
way that as we increase the angle (up to a certain limit) the ten-
dency is for the mogt effective pressures to move forward, thus
causng the resultant forces to move forward, and so accounting
for the ingability of the aerofoil (Fig. 23). On the other hand,
if we plot the pressure round a flat plate-not an easy thing
to do-we find that the pressure didribution changes in a
different manner, the resultant force tending to move back-
ward as the angle increases, making the flat plate stable (see
Section 14).

19. Stalling or Burbling

In Section 15 we mentioned that the angle of atack used in
flight was a smal one because “dthough a larger angle would
give more lift, it would create more disturbance and cause
more drag.” The question of what is the best angle needs a
litle further investigation.
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Fig.30. Chord line and angle of attack
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Before going into this we ought to mention that it is not o
easy to define what we mean by “angle of attack” now that
we have the curved aerofoil surfaces instead of our origind
flat plate. Clearly we must choose some draight line to rep-
resent the aerofoil-but what draight line? It sounds a smple

AN
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Fig. 31. Variation of lift with angle of attack when the air speed
remains  constant

question, but it has not been a dl easy to solve, largey
because methods which are satisfactory when consdering the
subject theoreticdly are quite impracticable to those whose
duty it is to take actud measurements on the aeroplane. To
cut short a long story, we can only say that different chord lines
are used for different-shaped aerofoils (see Fig. 30), and the
angle of attack (for aerofoils) is defined as the angle which the
chord line makes with the air flow.

Now, if we increase this angle, wha will happen?

Agan it is not quite such an easy question as it sounds, and
an enormous amount of experimental invedtigation has been
made in order to answer it. So far as the lift is concerned, it
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increases as we increase the angle (provided that the air speed
remains congtant) but only up to a certain limit; after this it
begins to fdl off. Although the actud amount of lift given by
the wing when this maximum limit is reached varies tremen
doudy according to the shape of the agrofoil section, it is
rather curious that most wings, whatever their shape of section
and whatever the ar speed, reach ther maximum lift at about
the same angle, usudly between 15" and 20" (Fig. 31).
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Fig. 32. Burbling air flow over a wing inclined at a large angle

Now, why does the lift fal off after this angle has been
reeched? One would think that the increesng angle would
create more downwash and consequently more lift. It is rather
natural that aeronauticd engineers should have spent much
time and sudy on this phenomenon, because flight would
become very much easier and very much safer did it not occur.
By waching the flow of ar over the wingusng smoke or
dreamers 0 that they can see the type of flow-they have
discovered that when this critical angle is reached the flow over
the top surface changes-quite suddenly-from a steady stream-
line flow to a violent eddying motion, with a result that much of
the downwash, and consequently the /ifz, is lost (Fig. 32). As
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one might expect, the drag, by the same token, suddenly
increases.

Exactly the same thing happens in a venturi tube if we make
the throat too narrow, or try to expand the tube too Suddenly
after the throat. In this connection it is interesting to note thet,
dthough the front part of the wing section, and the entry and
throat of the venturi tube, seem to experience nealy dl the
effect so far as reduction of pressure is concerned, they are
entirdly dependent for this effect on the shape and angle of
the rear portion of the wing and the expanding exit portion of
the venturi. It is no good saying the front part gives the reaults,
therefore why worry about the rear part; why not, even, cut
it off? It is the front part that will suffer if you do.

The truth is that the flow is very sendtive to the exact
shaping and angle and éttitude of the whole system, whether
it be a wing section or a venturi tube, and immediately we
attempt to go too far it shows its objection by bresking down
into turbulent flow-and 0 spailing everything. If the hill is
too deep, it just won't go up it!

This phenomenon is cdled stalling or, rather appropriately,
burbling-it is one of the grestest problems of flight.

20. Lift and Drag again

Now, it isthe air flow and the consequent pressures, as described
in the preceding sections, that give us a one and the same time
the Jift which endbles us to fly, in heavier-than-air craft, and
the drag which tries to prevent us from doing so. Both are
redly part of the same force, but owing to their very different
effects it is important to distinguish between them.

One of the unfortunate aspects of this subject, from the
point of view of those who learn it or teach it, is tha one
congtantly has to correct or modify one€'s origind idess. What
| am going to tel you now is a glaing example of this You
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will have gathered from wha you have read that lift is an
upward force and drag is a backward force. You will probably
claim-not without justice-that |1 have told you so (see
Section 6). Now | have got to tell you that that idea isn't
true-or, rather, that it is only true in one particular case, i.e.
when the agroplane is traveling horizontdly (even then the
lift may be downwards, as it was on the modd in Fig. 18). The
redl definition of lift is thet it is that part of the force on a wing
(or an aeroplane or whatever it may be) which is at right angles
to the direction of the air flow-or, what comes to the same
thing, a right angles to the direction in which the aeroplane is
traveling. Smilaly, drag is that part of the force which is
parallel to the direction of the airflow. So you will see that the
upwards idea of lift and the backwards idea of drag are only
true for horizontd flight. In a nose-dive it is lift which will be
horizonta and drag verticdl. So far as lift is concerned, the
correct definition is a rather dlly one, because in ordinary
language the word lift surdy implies upwards; that is redly
my excuse for not tdling you the truth earlier, because | did
not want you to get the impression that it was a dlly subject.
Perhaps, by now, you have dready redized that it is

21. Effects of Speed

Both /ift and drag increase with speed. Everyone Knows this—
a any rate so far as drag is concerned; one has only to try
to pedd a cycle againg winds of different velocities, and there
can no longer be any doubt. In view of such common ex-
perience, it is rather surprisng that most people seem to
underestimate how much the resistance increases as the speed
increases. They will usudly tel you that if the goeed is doubled
they would think that the drag would be about doubled,
perhaps a little more, perhaps a little less. This is very much
of an underestimate, the truth being that for double the ar

Plate 3. The British Aerospace 146 is quieter than any other jetliner, and can also
operate from much shorter runways. Thanks to high-bypass-ratio turbofan engines
it is propelled by relatively slow-moving quiet jets. Note the lack of sweepback.



Plate4. The surprising thing about the Airbus A320 is how ordinary it looks.
Internally it is packed with new technology, including a digitaly controlled automatic
flight-control system (using electrically signalled “fly by wire” connections to the
control surfaces) which, for example, can sense dangerous atmospheric conditions
such as wind-shear and downbursts and fly the aircraft to its safe limits, where
earlier jetliners might have had little chance of survival.
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speed the drag and the lift are about four times as much ; for
for three times the speed they are nine times and for ten times
the speed they are multiplied by a hundred (Fig. 33).

100 M.P.H. c——
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300 M.D.H. e

Fig. 33. The “speed squared” law

The men represent the resistances holding the bodies back at the
various speeds; there must, of course, be corresponding forces
pulling the bodies forward.

This is cdled the speed squared law-the /ifr and the drag
are proportional to the square of the speed. It is one of the
fundamentd laws of the whole subject.

22. Effects of Size

Both lift and drag also depend on the size of a body; large
bodies have more drag than smal ones of the same shape
large wings have more lift. Probably everyone knows this
too and it might even be sad to be rather obvious, but there
is a little more in it than that. From this point of view “size’
used to be taken as meaning frontal area, i.e. what you see of
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a body when viewing it from the front-in other words, its
cross-sectional area when viewed from this postion. For an
arship it would mean the area of the largest frame, for a strut
the maximum breadth times the length. The greater the frontd
area, the greaster would be the drag-in direct proportion.

This, however, is another aspect of the subject in which
modern development is leading to a change in ideass. When
bodies were badly shaped, it was true enough that the fronta
area was the best way of thinking of the sSze of a body moving
through the ar, but now that so much has been accomplished
in the direction of deaning up and dreamlining aeroplane
desgn, now that skin friction has become of so much reative
importance compared with form drag, it is more correct to
say that resistance is proportiond to surface grea or, as the
nava engineer would spesk of it, to the wetted surface, the
surface which is washed by the ar passing over it.

Provided bodies are of smilar shapes it redly makes no
difference whether we compare frontal areas or surface aress ;
for ingance, a flat plate two inches square will have four times
the frontd area of a flat plate one inch square, and it will aso
have four times the surface area, and therefore, by both laws,
four times the resstance (at the same speed). If, however, ether
flat plate is faired to form a dreamline body, the form drag
will, of course, be very much reduced because of the better
shape, but we must not forget that there will be an actud
increase in the skin friction owing to the larger wetted surface
and the greater velocity of ar flow over it. Think over this,
because it is important, and it is gpt to be forgotten in view of
the decrease in total drag. What it means, in practice, is that
it may not be worth while polishing a fla plae or a “dirty”
aeroplane, but it is very much worth while polishing a perfect
sreamline shape or a “clean” modern aeroplane, in which
skin friction has become the mgor type of drag. In the case
of lift it is usud to consder the plan area of the wing.
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Notice that the area of a full-scde machine is 25 times the
area of a one-fifth scale modd (Fig. 34) and 100 times that of

A
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Fig. 34. Frontal area

a onetenth scde modd. This applies whether we consder
frontal area or wetted surface, or plan area

23. Effects of Air Density

Lastly, the /ifr and drag depend upon the density, or “thickness’
of the air. The denser the air, the greater the forces it produces;
this, too, one would expect.

Now, as we noticed when consdering the atmosphere, the
ar dendty decreases very rapidly as we climb. Even at 20,000
ft (by no means a great dtitude for modern aeroplanes) the
ar dendty is only about one-hdf what it is near the ground,
and for this reason the drag-other things being equa-should
only be hdf the drag a ground leve, so obvioudy (that
dangerous word again!) it will pay us to fly high and thus
reduce resstance. But will it? What about the lift? And what
about “other things being equad”? That, of course, is where
the catch comes in; “other things’ a 20,000 ft are far from
being equa to what they were near the ground, and it becomes a
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very debatable question, and a fascinating problem, whether
to fly high or to fly low. We shdl say more about it later. In
the meantime let us remember tha lift and drag depend on the
air density-other things being equal.
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24. Lift/Drag Ratio

So when we try to get more lift by increasing the speed, or by
incressing the wing area or Sze of the arcraft, or even by
flying in denser ar, we dso-other things being equa-get
more drag, and, moreover, get it in the same proportion; eg.
if we double the lift we aso double the drag. But if we try to
get more lift by increasing the camber of the wing section, or
by increasng the angle of atack, we shdl ill get more drag,
though not necessarily in the same proportion-and this is
rather important. The increese in lift is obvioudy a good
thing-the increase in drag is obvioudy a bad thing-but what
is the net result?-good or bad? Of course, there are times
when we want lift even at the cost of increased drag (we shdl
find later that this is so when we are out for low landing speeds) ;
there are other times when we will sacrifice everything, even
lift, for a decrease in drag (that sounds like speed records);
but in the average aeroplane we shall get a clearer idea of what
we are after if we consder the ratio of /ift to drag, rather than
the two quantities separately.

An example will make this dear; the figures are taken from
tests on actuad wing sections. A certain shape of section gives
maximum lift 30 per cent greater than a raher thin section;
but, on the other hand, the best ratio of lift to drag of the
thinner section is 30 per cent greater than that of the thick
section. Thisis typicd of the kind of results which are obtained
when wings are tested, and it accounts for the wide variety of
shagpes of wing section which are in practicd use. Wha it
means is that the thicker section would be more suiteble for a
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paticular kind of aeroplane, probably a farly dow weight-
carier or bomber, while the thinner section would Uit a
more genera-purpose machine, and some other shaped
section dtogether would be needed for a high-speed machine.

Or again, conddering the effect of changing the angle of
attack of a wing (keeping the speed congtant), wheress the lift
increases steadily from 07 to about 15°, a which it reaches a
maximum, the drag changes very little over the smdler angles
with the result that the ratio of lift to drag is greatest (and may
be as much as 24 to 1) a about 47; it then fals off to, say,
about hdf this vaue a 15" when the lift is a maximum. Of
course, once burbling occurs, the lift drops rapidly, the drag
increases rgpidly, and the lift/drag raio tumbles to something
like3to1at, say, 20",

25. Analysis of Drag

Having consdered the man factors on which lift and drag
depend, let us concentrate for a moment on the unplessant
force-drag.

Why is it unpleesant? Wel, lift is wha we ae seeking;
it is what lifts the weight and thus keeps the aeroplane in the
ar, it makes flight possble, and is the friend of flight. Drag,
on the other hand, is a bitter enemy. This backward force
contributes  nothing towards lifting the aeroplane, and it
opposes the forward motion of the aeroplane which is necessary
to provide the ar flow which in turn provides the lift. This
forward motion is produced by the thrust and the thrust is
provided by the power of the engine. This gpplies whether the
engine drives a propdler or meredly exhauds itsdf as a jet, or
whether the engine is a rocket. The greater the drag, the
greater the thrust and the greater the power needed. But more
engine power means more weight, more fue consumption,
and s0 on. and therefore it is fairly clear that for economica
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flight we must make every possible effort to reduce the drag.
S0 let us andyse it—slit it up if we can into its various parts
(Fig. 35).

Induced Depends on aspect ratio

|/ Drag Greatest at low speeds
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TOTAL | Parasite
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Wave Only occurs at transonic and
{Drag supersonic speeds
SHock
' - DrRAG :
{ Shock Only occurs at transonic and
i----Turbulence supersonic speeds
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Fig. 35. Analysis of drag

Shock drag only occurs at high speeds and will be considered in
the later sections of the book.

Unfortunately, the drag of a wing is a necessary evil. In
the very nature of things if we are going to deflect the ar
flow in order to provide lift, we are bound to cause a certain
amount of drag. It is true that if the camber is smdl and the
angle of atack is andl, the drag will be smdl-but so will
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the lift. However, it is no good complaining about this, and
we become 0 resgned to this drag from the wings that it has
sometimes been cdled active drag. This is rather too flattering
a term, but it redly implies that it is caused by those parts of
the aeroplane which are “activé’ in producing lift; the term
is comparative, it is the lesser of two evils, the greater being its
brother of Section 27, and it is redlly better to cal it wing drag.

26. Induced Drag

But active drag, or wing drag, the drag of the wings, is in itsdf
made up of various kinds of drag, and the story of the first and
most important of these is a fascinating study.

If we tie Streamers on to the wing tips of an aeroplane, we
shdl discover that they whirl round and round as shown in
the sketch (Fig. 36). Notice that they rotate in opposte
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Fig. 36. Wing-tip vortices
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directions a the two wing tips, the right-hand one going anti-
clockwise (when watched from the back) and the left one
gonig clockwise. These curious whirls, or vortices as they are
called, happen with dl aeroplanes, but it was a long long time
before practicd men redized ther exisence let done ther
dgnificance. What a pity we cannot see air; if we could, al
pilots from the beginning of flying would have seen, and
talked about, these wing-tip vortices we can easly illudrate
them with our piece of cardboard. The author has vivid
memories of an incident just after the end of the first war when,
on a fedive occason, long dreamers were atached to the
wing tips of his flying boat. When taxying on the water these
sreamers rotated violently, and they continued to do so in the
ar until, after a few minutes, they were nothing but shreds.
The author and his colleegues dismissed the whole affair with
some such glly remark as “That was funny, wasn't it?” Had
they been a little more inteligent they would have redized
that a phenomenon of this kind does not occur without good
reason, and they would have followed it up by further ex-
periment-and maybe it would have dowly dawned on them
that this was one of the most dgnificant facts of aviation and
one that was to influence the whole trend of aeroplane design.
But that discovery was left to others and, even then, it took
some time.

But what is the red dgnificance, and what is the cause of
these vortices? We can answer the first question quite smply
and shortly by saying that we cannot gir up whirlpools
without doing work; this work must be done by the engine,
and the whirlpools are nothing more or less than a form of
drag tending to hold the aeroplane back.

The cause of the vortices is that the air tends to flow around
the wing tip from the region of high pressure bdow the wing
to the region of low pressure above. A fluid dways tends to
flow from high pressure to low pressure. This flow round
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the wing tips causes dl the ar over the top surface to flow
slightly invards and that over the bottom surface to fow
outwards (Fig, 37). Thus the streams mesting & the trailing
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Fig. 37. The cause of trailing vortices

edge cross esch other and form what is redly a series of
eddies caled trailing vortices, which roll up to one big vortex
a each wing tip (Fig. 38). As a result of the wing-tip vortices
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Fig. 38. Trailing vortices which become wing-tip vortices
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the ar behind the wine, is Oeflected downwards, that outsde

o
the span being deflected upwards. Thus the ner " Qiredion or
the ar which actudly passes the agrofoil is in a downward
direction, and so the lift-which is a right-angles to the ar
flow-is dightly backwards, and so contributes to what we call
the drag (Fig. 39). This is another, and perhaps more scientific,
way of thinking of the drag caused by the wing-tip vortices.
The drag thus formed is cdled induced drag (another term
which the highbrows dam for themsdves) because it is a
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result of the downward veocity “induced” by the wing-tip
vortices. In a sense, induced drag is part of the lift, and thus
it can never be diminated, however cleverly we desgn our
wings. This nuisance as it may be, is redly the pat of the
drag which best deserves the name of “active’ because it is
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Fig. 39. Induced drag

essentid to lift. So long as we have lift we must have induced
drag.

But before we leave this fascinating part of the subject we
must make a confession, prompted not so much, I'm afraid,
by a conviction that honesty is the best policy as by the
knowledge that we will be found out sooner or later! Induced
drag does not increase with the square of the speed; on the
contrary, it is greatest when the aeroplaneis flying as slowly as
it can, i.e. just before the dling angle is reached and we are
getting the maximum lift for the minimum speed.

27. Paragte Drag

The ided aeroplane would be all wing; it has, in fact, been
termed a “flying wing.” Even moden aeroplanes often fal a
long way short of this ided; a best they have fusdages, talls,
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and various projections and protuberances, while a worst
they are more like Chrigmas trees than flying wings. These
extra parts, engines, radiators, dynamos, guns, bombs, aerials,
whedls, petrol tanks, or whatever they may be, al produce
drag, but, except in a few ingtances of clever design, do not
contribute towards the /ift. Their drag, therefore, is considered
to be of a very vicious type, and is given the gppropriate name
ofparasite drag. The ided aeroplane would gill have a certain
amount of active drag, but it would have no paraste drag.
We should get better performance; speed, climb, weight-lifting,
al would be improved, and a the same time fud consump-
tion would be reduced. Obvioudy, therefore, it is wel worth
the while of those responsble for producing aeroplanes to
study this problem of paraste drag, and to see how it can be
reduced to a minimum, if not banished atogether.

There are two distinct methods of reducing parasite drag.
One is to diminae dtogether those parts of the aeroplane
which cause it; the other is s0 to shape them and smooth ther
surfaces that their drag is as smdl as possble. The fird is the
most effective, but it has its limitations, and progress has been
made by trying a bit of each method. The problem of dimina:
ting druts, wires, and projections is redly a structurd one,
and it has lagdy been solved in modern arcraft (Plaes 27
and 28). It is a quedtion of getting srength by internd rather
than externd bracing, and by having “dean lines’ generdly.

At one time it was conddered that the extra weight required
for making an undercariage retractable during flight would
be such as to outweigh the advantages which would be gained
by the reduction of paraste drag. We do not think like this
today; the undercariage is one of those pats which is
usdless during flight-worse than usdess, it is a paradte spoil-
ing the peformance of the aeroplane. Even if it does mean
some increase in weight, even if pilots do forget (in spite of
various dam dgnas) to lower them for landing, the fact is
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that nearly dl modern undercarriages are of the retractable
type. The tal whed has gone the same way or has been dimi-
nated dtogether in the tricycle or nose-whed undercarriage,
while radiators were first retracted and then disgppeared; the
“flying wing” may gill be a long way off, but it is a great ded
nearer than it was twenty or thirty years ago.

The problem of reducing the drag of those parts which we
cannot eiminate forms a fascinaing study, so let us now turn
our atention to that Sde of the question.

28. Form Drag

In this age, when even motor cars, ralway trans, and ships
are dreamlined, there is no need to explan wha streamlining
means ; but, perhaps for the very reason that we have become
0 accustomed to the idea, it is rather hard for us to redize
that efficent sreamlining took a long time to come, and that
even nowadays very few people fully appreciate how effective
it is

The sketches give some idea of the nature of the ar flow
past bodies of various shapes, and at the same time an indica
tion is given of their comparative resstances (Fig. 40). It

Fig. 40. The effect of streamlining
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will be noticed that the more turbulent the air flow the grester
Is the resstance, and dreamlining redly means s0 shgping a
body that ar (or water) will flow past it in dreamlines i.e
without eddying, and thus the resstance is reduced to a
minimum. Srreamlining is another ingance in which an
attempt to avoid figures dtogether would leave us in the dark.
How many people redize tha by caefully dreamlining a
fla plate, such as, for ingtance, a coin held a right-angles to
the wind (Fig. 41), we can reduce its resstance not by 20 per

Fig. 41. Streamlining a coin

cent or 30 per cent or even 50 per cent, but to less than one-
twentieth of its origina resistance, a reduction of 95 per cent?

That part of the drag which is due to the shgpe or “form”
of a body, and which can be reduced by streamlining, is called
form drag.

The sketches show how, in course of time, aeroplanes
(Fig. 42a), rallway locomatives (Fig. 42b), motor cars (Fig. 42c),
and even motor-car lamps (Fig. 424) (until they became
incorporated in the body of the car itsdf, which is better Hill)
were streamlined so as to reduce their head resstance, or form
drag. Advantage is often taken of the fact, clearly shown by
Fig. 40, that mogt of the benefit is due to the shgping or “fairing”
of the trailing edge of the body and that it makes comparatively
little difference whether the nose portion is flat, round or
dreamlined. This brings back memories of our old friends
the venturi tube and the wing section.
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The ratio of length (a) tO breadth (b), as shown in Fg. 43,
is cdled the fineness ratio of a dtreamlined body. For best
results it should be about 4 to 1, but it realy depends on the
ar speed;, the higher the speed, the greaster should be the
fineness ratio, but experiments show that there is not much
varidion in the drag for quite a large range of fineness ratios.

An agroplane is made up of various digtinct parts such as
fusdage, wings, undercarriage and s0 on. If one could imagine
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Fig. 43. Finenessratio

each of these pats so shaped in itsdf as to give the least
possble resstance it does not follow that when they ae
joined together the combination will give the minimum
resstance. Resistance caused by the effect of one part on
another is cdled interference drag, and much care has to be
taken in modern design to reduce this portion of the drag by
caeful faring of one shape into ancther.

29. Skin Friction

Not only the shape of a body, but the nature of its surface
aso, affects the drag. It can easily be understood that a rough
surface will cause more friction with the ar flowing over it
than will a smooth surface. This surface friction is cdled
skin friction. Figures are not so convincing in this case, partly
because no parts of an aeroplane are likely to be very rough,
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and therefore we can only compare a surface like that of
ordinary doped fabric with a highly polished metd surface.
The former is certanly rough in comparison with the latter;
but the difference is not great, and the effect on the tota
resstance of a highly polished wing surface in place of a fabric
surface is not very noticesble-or was not until recently.

For there are two modern tendencies which are making the
Sudy of skin friction become of increasingly greater importance.
One is speed. Whereas a 100 m.p.h. there may be only a
negligible difference between the polished metd and the fabric,
at 400 m.p.h. the difference is such that it becomes of immense
practicd importance. The second tendency which affects skin
friction is the improvement in streamlining. That sounds rather
paradoxical, but the point is that in a badly shaped body the
form drag is 0 great that the difference in tota resstance
between a rough surface and a smooth one is hardly noticesble
-it is swamped by the large resstance due to eddies. On the
other hand, when a body is so perfectly streamlined that its
form drag dmost disappears, then the skin friction becomes
not only noticesble but important. Clearly, then, high-speed
aeroplanes need to have both sreamlined shapes and highly
polished surfaces. There appears, however, to be a limit to the
degree of polish which makes any difference-perhaps that is
jus as wel for those who will be expected to mantan the
polish. A surface is said to be aerodynamically smooth when
further polishing will not have any goprecisble effect on its
skin friction.

Modern theory seems to suggest yet another reason for the
importance of reducing skin friction. Apparently two and
two do not make four-in other words, the tota parasite drag
is not the sum of the skin friction and the form drag, but it is
more nearly the grester of the two. Thus by reducing one
part of the drag only, we do not notice much effect on the total.
The only way is to reduce both.

THE BOUNDARY LAYER 67

We know another example of this sort of thing in the case
of noise. Two equa noises occurring a the same time do not
make double the noise; actudly they make very little more
than one noise. The two chief sources of the noise of an
agroplane are the engine exhaust and the propeler. The
former can be slenced, a any rae in pison engines, but it is
hardly worth while, because it makes little difference to the
totd noise.

A pat of the drag which might seem to be a necessary evil
is what is called the cooling drag, i.e. the resistance caused by
the ar flowing over radiators (in liquid-cooled engines), over
cylinders and cowling (in ar-cooled piston-driven engines),
and through and over turbine engines. This cooling drag is
made up of both form drag and skin friction. Much ingenuity
has been spent in trying to reduce it; the wings themsdves
have been used as radiators, and for air-cooled engines specia
cowlings and ducts have been devised. Results have been
good; so good that it has been possible to reduce this portion
of the drag to nothing, or even to less than nothing, the heeat
of the engine being used to help the aeroplane forward. There
is nothing miraculous about this it is amply a little bit of jet
propulson in pigon-driven engines and in turbines driving
propellers, while in pure jet engines it is, in effect, the thrust
indead of being drag a dl.

30. The Boundary Layer

The study of skin friction has led to an interesting investigation.
We have taked about air “flowing over a surface,” but probably
ar never flows over a surface. However smooth the surface
may be, the particles of ar which are actudly in contact with
the surface reman dationary reative to the surface and do
not move over it. The next layer of ar dides over the Sationary
layer & a samdl velocity (Fig. 44), the next layer dides over tha
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one a a dightly higher veocity, and so on, until eventudly
the ar is moving a& wha we would cdl the “veocity of the
ar” This region (in which the veocity changes from zero
at the surface of the body to the full velocity at the outsde) is
caled the boundary layer. Its thickness may be only of the
order of one-hundredth of an inch or so; yet, when the rest
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Fig. 44. Skin friction

of the ar is flowing smoothly, the boundary layer mugt bein a
date of turmoil-called turbulence-and thus cause a lot of
drag, which is nothing more or less than the skin friction we
have been taking about. It is dso the bresk-away of the
boundary layer from the surface which leads to ddling. If
we can learn to control this boundary layer, to keep it smooth,
to keep it close to the surface, and so on, we may succeed in
reducing drag condgderably. This can be done by having smal
holes in the surfaces of wings and other parts, and suction
indde the wings (Fig. 45), or dternativdy by blowing ar out
and 0 smoothing the ar flow in the boundary layer-the
efflux from jet engines has even been used for this purpose.

It is in the boundary layer that the property of viscosity of
the ar is important. It is rather difficult to explan wha this

~r
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term means except by saying that treacle is very viscous. It is
the tendency of one layer of the fluid to “sick” to the next
layer and to prevent relative movement between the two. One
can fed this in treacle, one can imagine it in water; but one
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Fig. 45. Control of boundary layer by suction

would hardly think of ar as being “dicky’‘-yet gicky it is,
though of course to a much less degree than water, let done
treacle. It is this property of viscosty that causes skin friction,
and in fact it is ultimately the cause of dl turbulence, dl eddies
and dl drag. Yet it is only redly effective in this andl boundary

)

emmmemea o

Fig. 46. Flow of air past an aerofoil

layer, outsde which the air behaves amost as though it were
not viscous.

Now that we understand something about the boundary
layer and viscodty, we can think of lift from a different point
of view. If, by means of smoke or other device, we wetch the
flow of ar over a wing indined & a sndl angle we now
know that it will look rather like the flow shown in Fg. 46.
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‘Notice that the streamlines are closer together above the aero-
fail than below it, which means tha the air must be flowing
faster above the aerofoil and slower below. Notice adso that
thereisan upwash in front of the leading edge and a downwash
behind the trailing edge. If we could floa dong in the ar
dream past the aerofail, it would dmost look as though air
was travelling round the aerofail, because whereas we should
be travelling a the same speed as the main body of the ar
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Fig. 47. Starting vortex
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dream, the ar in front of the aerofoill would be moving up-
wards reldive to us, the ar over the top would be flowing
backwards, i.e. faster than us, the air behind would be flowing
downwards and on the under surface forward, i.e. dower than
us. This idea of flow round the wing is cdled circulation and
it is redly this crculation thet is respongdble for the lift. But
it must not be imaginedfrom what has been said that any particles
of air actually travel round the aerofail-it is dl a question of
relative motion once again.

Of course, this flow of air is outsde the boundary layer, which
under such conditions of steedy flow is of very smal thickness,
expecially over the front portions of the aerofail. Yet, in a
way which we cannot properly explan here, it is this thin
boundary layer which is responsble for setting up the circula
tion and 0 causng the lift. It is interesting to note that, when
an aerofall starts to move through the air, the boundary layer
causes an opposite crculaion in the form of an eddy shed
from the tralling edge (Fig. 47). Such an idea amuses some
people, who think it is a fanciful theory-but it is nat, it is a
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fact, and one which you can very essly see for yoursdf by
moving an incdlined surface through water, or even the piece
of cardboard through smoke.

When the angle of attack of the wing is increased, the boun-
dary layer becomes thicker and of increasing turbulence, and
this turbulence gradudly spreads towards the leading edge.
Eventudly the man flow bresks away dtogether from the
top surface, large eddies are set up, and stdling, or burbling,

Fig. 48. Flow of air past a rotating cylinder

results. Much of the drculétion is logt, and so the lift fdls off.

Our ideas of dirculation become more convincing if we
think of a rotating cylinder moving through the ar (Fig. 48).
The boundary layer will tend to rotate with the cylinder, thus
causing an increased speed above and a decreased speed below
it (assuming that it rotates in the direction shown in the
diagram while it moves from right to left). Also there will be
an upwash in front and a downwash behind. In short, we
have the same date of affairs as on the aerofoil, and for the
samne reasons a decrease of pressure above and an increase
underneeth, and thus a net lift. At fird, it sounds a drange
idea that a round cylinder can lift. It may sound strange, but
once again it is no idle theory but a smple everyday fact. If
| tell you that it was the principle of Hettner's Rotor Ship,
with its large rotating funnels, you may not be much the wiser
or the more convinced. But it is much more than that. Do
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you play golf, footbdl, tennis, cricket, table tennis or any ball
game? If so, you will know what is meant by putting “top”
or “bottom” spin on a bdl, you know how bdls are made to
sverve accidentdly or intentiondly as they trave through the
ar. It is dl caused by this myserious lift (notice once agan
that lift need not be upwards, but may be sdeways or even

downwards) ; it is dl a quetion of bounday layer and
creulation.

31. Shape of Wing Section

Having congdered lift, and drag in its various forms, let us now
see if we can discover what shape of wing section will give the
best results.

Fig. 49. Wing shapes with different cambers on upper surface

Assuming that the wing is to be a double cambered surface,
we dill have to decide how much the camber shdl be. Fig. 49
shows three typica sections with different top-surface cambers
and so different thicknesses. Generdly spesking, a lage
camber on the top surface will produce good lift but large drag,
not only induced drag, but form drag;, for wings too have
form drag and skin friction in addition to their induced drag.
Different cambers on the under surface do not make so much
difference to the lift and drag propertties of the aerofoil, but

3
:g
) @

VARIABLE CAMBER 73

the modern tendency has been to change from the very much
concave cambers of the early arcraft to much flatter cambers,
and even to convex cambers as shown in the diagrams. One
would think that cambering the under surface in this way
would tend to spoil the downwash and thus affect the lift, and
this is to a certain extent true; but, on the other hand, the
convex under surface has two advantages which probably
outweigh any smdl loss of lift. In the first place, the depth of
the wing is increased, and the deeper the wing the lighter can
be its condruction; and this reduction in weght is more
vauadle than the loss in lift. Secondly, the convex under

Fig. 50. Laminar-flow aerofoil section

surface has an appreciable effect on the movement of the centre
of pressure, tending to make its movement dtable, or a any
rate less unstable.

Fig. 50 shows another tendency in what is cdled a laminar-
flow wing section: notice how thin this section is and how
much farther back is the point of grestest thickness than in the
more conventiona section.

32. Variable Camber

Some advantages result from large camber, others from smal
camber, and the reader may wonder whether it is not possble
to alter the camber of a given wing section o0 as to meet the
vaying requirements of flight. To do so is cetanly a prac-
ticable propodtion, but it rases a problem which we shdl
dways be coming up agang in this subject-whether it is
worth while; that is to say, whether we shall gain enough to
make up for (perhaps | should say, to more than make up for)
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what we shdl lose by the increase in weight of the mechanism
involved and the increese in complication. All such devices
mean something more to go wrong, some extra lever for an
aready harassed pilot to worry about.

Many idess have been suggested, and many ingenious
devices patented, in atempts to provide the wing with a
“smoothly varidble’ surface, or even with a variddle aea
Few of these, however, have got beyond the stage of being
ideas, and the only devices that have proved redly successful
in practice may be summed up under the headings of dots,
dats and flaps. These are perhaps more crude than a smoothly
variable wing would be, but they have won the day because
they combine effectiveness with smplicity-a combination of
qudities that is dl too rare in modern arcraft but dl the more
welcome when it can be found.

33. Slots, Slats and Flaps

Flaps a the trailing edge date back to the First World War,
or even before that, but then they were only used on specid
types of arcraft for specid purposes, as for instance on air-
craft used in the early experiments in landing on decks of ships.
Now, however, flaps are consdered to be admost a necessity
and, in one form or another, are incorporated in the desgn of
nealy dl modern arcraft.

The effect of the trailing edge flgp is to increase the camber
by lowering the rear portion of the wing, which is made in the
form of a hinged flap-amilar to an aileron (Section 54), except
that it probably extends aong most of the span of the wing.

The kink thus caused in the top surface may be diminated
by usng a split flap. In this device the flap portion is split inof
two hdves, the top hdf remaning fixed and the bottom half
dropping like a lower jaw of a mouth. Many other kinds to
soecid flgp have been invented, including some fitted a the
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leading edge of the wings, and merits are damed (by ther
inventors) for al of them. For some it is clamed that they
give the greatest increase in lift, for others that they give the
greatest increase in the ratio of lift to drag, and for others that
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Fig. 51. Types of flap

they give the greatest increase in drag.  Since dl these qudities
-even the increase in drag-may be needed for varying
crecumdances, there may be something in dl the dams put
forward.

We shdl have more to say about various types of flap in a
later paragraph (Section 65). In the meantime, have a look
a Fg. 51, which illusrates some of the man types.

Sots have not had quite such a long history as that of flaps,
and in view of their early promise, have proved somewhat disap-
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pointing. The origind object of the dot was to dday the ddl
of a wing and so obtain greater lift from it.

It has dready been explained tha the cause of the sdl is
the arflow bresking away from the top surface and forming
eddies. In a dotted wing this is prevented, or rather postponed,
by dlowing the ar to pass through a gradudly narrowing gep
near the leading edge, so that it picks up speed (a venturi in
fact) and is kept close to the surface of the wing (Fig. 52). The

Auxiliary, aerofoil
or “slat”

Main aerofoil

Fig. 52. Slotted wing

gap is redly the dot-the smdl auxiliary aerofail which forms
the top surface of the gap is cdled a slat.

The effectiveness of dots varies with the type of wing section
to which they are fitted; in some indances the increase in
maximum lift reached may be as much as 100 per cent, while
the galing angle is increased to 25" or 30°. From many points
of view the incressed angle is a disadvantage, as will be ex-
planed when we ae consdering landing, and perhaps this
has been one of the main causes of disgppointment.

Of course dats, like flaps, should be put out of the way when
they are not required ; otherwise they would tend to cause
excessve drag. Fortunatdy this can be done automaticaly; a
small angles of attack, i.e. a high speed, the air pressure on the
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dat causes it to close while a high angles of attack, i.e. a low
speed, the air pressure causes the dat to move forwards and so
open the dot. Sometimes, however, dots are controlled by a
lever in the cockpit, sometimes they are combined with flaps,
and sometimes they reman open dl the time

34. Aspect Ratio

In addition to the cross-sectiond shape of a wing, we must
congder its plan shape, especidly the ratio of its span (or
length) to ifs chord (or breadth). This is caled the aspect ratio
of the wing. Fig. 53 shows how it is possble to have wings of
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Fig. 53. Aspect ratio

the same area but very different aspect ratios. We have sad
that induced drag cannot be dtogether eiminated-because
it is an inevitable result of lift. But it can be reduced, even
without reducing the lift, and that is where aspect ratio comes
in. Experiments indicate that there is a smdl but quite definite
increase in efficiency as we increase the aspect ratio, keeping
the area the same. That is why you will notice the very high
aspect raios used on the wings of gliders salplanes, and
aeroplanes desgned for long-distance flying; al cases where
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efficdency of the wing is of primary importance. But of this
we shal have more to say later.

At fird it was rather difficult to explan why aspect ratio
should be so important, because the eementary theory had
led us to believe that the lift of a wing depended on its area, and
yet an agraplane with a high aspect ratio wing was found to be
more efficient than an aeroplane with a wing of the same area
but lower aspect retio. The answer to this puzzle is induced
drag, the wing with the higher aspect raio having less induced
drag.

Why does aspect ratio affect the induced drag? To answer
that let us go back to the fundamenta cause of induced drag,
the flow round the wing tip from the high pressure underneath
to the low pressure on top, and the consequent outward flow
over the lower surface and inward flow over the upper surface
of the wing. Imagine a wing that gradudly becomes longer
and narrower, the wing tips becoming farther and farther gpart.
Clearly-1 nearly fel into the trgp of writing “obviously” |—
the influence of the flow round the wing tip on the flow over
the remainder of the wing will become less and less until, if
we reduce the thing to an absurdity by imagining a wing of
infinite agpect retio, there would be no flow round the wing
tips for the smple reason that there would be no wing tips.
This gate of affairs is not quite so absurd as it sounds because
we can, in a wind tunnd, fake conditions of infinite agpect
ratio. In a closed tunnd we can do this by making the span
of the aerofail such that it jugt fits into the tunnel and the tunnel
walls effectivdly prevent any flow round the wing tips in an
open tunnd we can do it even more convincingly by testing a
wing of which the span is gregter than the width of the jet of air,
S0 the wing tips are outsde the jet dtogether. Fekes of this
kind are, in fact, extremely vauable because they enable us to
confirm the theory by teking it to its limits something thet
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we cannot do in actud flight. As it hgppens, theory and
expaiment give extreordinaily smilar results in this pat of
the subject, and prove convincingly that the greater the aspect
ratio the less is the induced drag.

As 30 often happens in the study of flight, we find a fly in the
ointment-a high aspect raio has its disadvantages. These
are chiefly dructurd-adding to the weight and thus eventudly
cancdling out the effect of incressed lift. Another bad point is
that a high agpect ratio makes a machine more difficult to
manoeuvre, whether in the ar or on the ground, and it takes
up more space in a hangar.

Thus we must compromise on the question of aspect rdtio,
just as we had to in deciding the amount of camber. Vaues
used in practice vary from 5 or 6 to 1 for fighters, which must
be manoeuvrable, to as much as 20 to 1 for salplanes, but
there are certain raher freek examples right outsde these
limitsin both directions.

We shdl mention later the very low aspect ratios of wings
used in flight a supersonic speeds.

Before leaving the subject of induced drag-for the time
being; we can never leave it dtogether-we must once agan
modify an impresson that may have been left by an ealier
remark to the effect that it was a long time before practica
men redized the dgnificance of wing-tip vortices, and 0 of
induced drag. If by practicd men we mean the men who fly,
and perhgps even the men who design aeroplanes, then the
remark is subgantidly true, but it is only far to say that there
were other men, the grestest of whom were Lanchester in
Great Britain and Prandtl in Germany, who <udied, wrote
about and preached the principles of induced drag-though
they didn’t cdl it that-in the very early days of aviation ; it
can even be clamed that Lanchester did so before any
agroplane ever flew! When one redlizes that those principles
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explan the importance of high aspect retio, the advantages
of the monoplane over the biplane, and the modern ideas about
economica flying, it seems rather hard that in ther day these
men were not consdered as practicd men, or even listened to
by those who considered themsdlves to be so. But there it iS.

35. Biplanes

And so we cometo biplanes. |t js not easy to discover who
firg thought of the idea of a biplane, i.e. of usng two aerofails,

one placed above the other. Some people, of course, have
thought of putting even more planes on top of one another. Many
of our idess about flight have, very naturaly, come from birds,
but the biplane idea seems to be a purely man-made invention,
though some naturdigts clam that there are biplane insects. At
any rate, the first aeroplane to fly was a biplane, so the idea
is @ leest as old as the hisory of flight.

We naticed in an ealier paragreph that very large wing
aress are required for flight, and the advantage of the biplane
was that this large wing area could be aranged in a more
compact fashion, meking the finished aeroplane more con-
venient to handle both on the ground and in the ar. The
biplane dructure seemed more suited than the monoplane
to give us wha we most required: strength without weight.
So far the biplane seemed to have dl the advantages, why,
then, has it proved the loser in the long run?

It is as a wing, as an aerofoil, that the monoplane has
dways been superior. Remembering how the pressure is
digtributed round a wing section, let us put two such sections
together, one above the other, and observe the effect (Fig. 54).
We find that the increased pressure on the under surface of
the upper wing is not s0 effective as it was when it was
aonedill less is the decreased pressure above the lower wing
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0 effective; thus both upper and lower wings suffer. There is,
in fact, an interference between the two wings and this is
cdled biplane interference. Another way of thinking of it is
to consider the induced drag, which is greater on a biplane—
with its four wing tipsthan on a monoplane of the same

Decreased

Pressure

reased A
‘";ressure Roth of these
‘-.: Pnsswe areas
" are affected by
Decreased the inferference
Pressure

{ncreased
Pressure

Fig. 54. Biplane interference

wing area, and s0 the overdl lift/drag raio of the monoplane

IS better than that of the biplane. _ _

The biplane enthusiagt, full of confidence owing to the
dructurd superiority of the biplane, persstently endeavoured
to minimize this disadvantage.

His firg idea was naurdly to increese the gap, i.e the dis
tance between the two wings. This expedient had its effect in
reducing interference, but very large gaps were needed to make
the effect appreciable, and very large gaps meant an increase
in dructure weight, which, after a limit had been reached, out-
balanced the advantage gained.

But our biplane fan was not yet baffled. He next tried to
gdiminate the inteference by staggering the planes, in other
words separating them horizontdly rather than verticdly.
when the leading edge of the upper plane was in front of the
leading edge of the lower plane it was cdled forward or positive
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stagger; when behind it, it was cadled backward or negative
stagger. Forward dagger definitdy served its purpose, and
there was a smdl but apprecidble increase in lift when com-
pared with an unstaggered biplane of the same gap. Backward
stagger, dthough it appeared hopeful, was most disappointing
from this point of view; in fact it actudly did more harm than
good.

Stagger, however, had certain practical advantages, and for
this reason was adopted on most biplanes. Access to cockpits
was usudly improved, and, above dl, the view of the pilot
became more extensve. This later point is very cearly shown
in Fig. 55.

Fig. 55. Angles of view
The shaded areas shows the blind spots
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The reeder who is not used to flying may not redize the
seriousness of this question of fidd of vison. On the other
hand, the reader who flies frequently has probably become so
accustomed and resigned to seeing only a little less than
nothing during flight thet he does not redize how many “blind
spots’ there are in the average aeroplane-whether biplane or
monoplane.

Anything that can be done to enlarge the pilot's fidd of
vigon is a gep in the right direction, and may well have turned
the balance in favour of stagger.

The sesquiplane—or one and a hdf planewas redly a
compromise between a monoplane and biplane. The reader
may have noticed that we are frequently using that word
“compromisg’ ; no wonder, because it crops up in every part
of aeroplane design. A finished aeroplane is a compromise
from beginning to end. We want this, we want that; but we
cannot have both this and that, so we end up by having a bit
of each. The sesquiplane was a bit of a monoplane and a bit
of a biplane. The Sructure was that of a biplane and had its
consequent  advantages, on the other hand, the lower plane
was 0 gndl that it caused hardly any interference with the
upper plane, which was therefore “dmost a monoplane”
Plates 3 and 5 illugrate this tendency towards a large upper
plane and smdl lower plane

But even in a sesquiplane there were gruts and wires to
connect the two planes, and when, further to tip the baance,
experience in structural design and the improvement of
dructurd materias, together with other advances in aeroplane
design, made it possble for a monoplane structure to be as
efficient as that of a biplane, designers came dowly but surely
round to the opinion that the monoplane was the best type.
So perhaps the birds, not to mention Lanchester and Prandtl,
were right after all.
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36. Lift and Drag-A Summary

We have s0 far considered the forces that act upon bodies due
to ther movement through the ar, and how they experience
lift, or drag, or both, according to their shape, speed, and so
on. We ae now in a podtion to study something even more
interesting-the flight of the aeroplane as a whole-but, before
doing 0, let us sum up what we dready know about lift and
drag :

(@ A body that is pushed or pulled through the air causes
a disturbance in the air and, in consequence, experiences
aforce.

(b) The amount of this force depends on the shape of the
body,

(c) on its speed through the air (actualy, speed squared),

(d) on its 9ze,

(e) on the smoothness of its surfaces,

(f) and on the dendity of the air through which it passes.

(9) That pat of the force which is pardld to the direction
of the ar flow, tha is to say which acts agang the
motion of the body, is cdled drag.

(h)y That pat of the force which is a right-angles to the
direction in which the body is traveling is cdled lift.

(k) A wing is designed to give as much lift as possble with
as little drag as possible.

(1) Other parts of the aeroplane, if they cannot be diminated
dtogether, are designed to give as little drag as possible—
the drag of these parts is cdled parasite drag.

(m) Drag caused by the shape of a body is caled form drag—
this is reduced by dreamlining.

(n) Drag caused by roughness of surface is caled skin
friction.

(o) Wings dso experience induced drag, as an inevitable
consequence of ther lift.
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(p) The wing is pushed or pulled through the ar a a small
angle called the angle of attack or angle of incidence.

(¢) This motion produces a downwash which in turn causes
the upward reaction or lift.

(r) As the angle increasss the lift increases up to a certain
agle cdled the gdling angle.

(99 Wing sections are curved or cambered, usudly on both
top and bottom surfaces.

(t) The decrease in pressure on the top surface is caused by
the speeding up of the flow over tha surface-as in a
venturi  tube.

(1) Sots and flgps are the mogt practicd means of producing
variable camber.

(v) The top surface of a wing contributes more lift than the
bottom surface, the front portion more than the rear
portion.

(w) The centre of pressure is therefore well forward.

(x) As the angle changes, the centre of pressure may move
in a dable or undable way-with most aerofoils the
tendency is ungable.

(») Wings of high aspect rétio are the mogt efficient, because
they have less induced drag.

(20 After a long druggle the monoplane has won the day
over the biplane.

Yes, we have exhausted the dphabet and, what is more
important, we have dready leant the man principles on

which flight depends.

37. Straight and Leve Flight

Let us now goply these principles to the flight of the aero-
planesasawhole. This is where it dl becomes more interesting;
it is where the practicd men, namely those who build and




