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Preface .

|
\
\
4
ONE OF MAN’S most persistent dreams is to be able to fly 1
through the air unencumbered, like a bird. This was true |
hundreds of years ago, probably even back beyond the
dawn of history. Evidence of the dream gan be found in
the fact that the gods of ancient civilizations were endowed
with the power of flight. Men in these early civilizations
gave to their man-like gods abilities that simple, ordinary
men could not have—including the ability to fly. ‘ ,
The dream held true in later days also, as we can see ‘
from the many preserved drawings of human beings before,
dufing, and after the days of Leonardo da.Vinci. Even this
Italian genius, whose abilities in many fields amaze
sophisticated modern men, thought, about, -experimented
with, and designed machines to allow man to leave the
ground. Da Vinci and most other early theorists thought
in terms of bird-like wings, operated by ‘the muscle power
of the man wearing them. " : '
The dream exists even today, as we can see by the popu-
larity of skydiving. This is the sport of parachutists who
delight in jumping from planes, then soaring through the
" skies alone for aslong as possible before opening their para-
‘chutes.
But accompanying this ancient dream has always been
a rude awakening to the fact that man is just not built for
. flying. His body is 'too heavy to. be held aloft by his arms.
His arms are arms, not wings. And even with wing-like
devices to hold him up, man is just not strong enough to
build up the force it takes to keep himself in the air. Still,
man does not concede that he is never to fly by himself,
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without mechanical assistance. (The skydiver is an e{(ample
of this_fact.) Eyen today, grown men f}y kites and envy
the paper birds they put aloft. \

In his fantasies, man still dreams of overcoming his
ground-bound design and soaring off by himself. After all,

he reasons, the \bumblebee defies all the rules of aero-
nautical design, ahd still flies. So why not man? In the mean-
time, however, mpn has accepted a compromise: if he has
not yet found a fvay to fly under his own power, he will
_do the next besy/thing—he will use his machines for power.
Only through the use of machines has man so far been
able to even partially fulfill his dream of controlied, con-
tinuing flight. After countless centuries of gazing at the
sky and envying the birds, it is only within this century
that man has made any real success of his ancient dream.
It is the purpose of this volume to trace the development
of the power machines that man uses to propel his flying
machines through the air; to study these propulsion devices
as they exist today; and to look at developments that take
man far beyond the range of the birds he envies.
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¢ Chapter ]_

Power in Flight —&M j

- THIS CHAPTER iraces the historical development of engines

used to powaer aircraft, it gives o bicief review of developments
in air theory, lighter-than-gir craft, and-glider High, aiways !
considering that successful powered flight. Incorporated ad-
vances in-all of these areas. Upon: completion of -this chapfer,
you should be able to: (1) exploin tha main differerices
betwaen intérnal dnd’ external combustion engines.and the
reasons external combustion .engines proved impractical for
powering aircrafi;.(2) tell why the Internal.combustion engine
was 30 long in developing and why it was the key to
powered fiight; (3) explain the terms “horsepower and
“thrust” and-how they-are related; and (4) comparé-a. piston
ongine’s powsr to-that of o jet-engine.

1
VIHE SUCCESSFUL FLIGHT of powered aircraft had to a- ~ .
oA wait developments in several fields. The theory of flight, for .
L - instance, underwent many changes as man continued to experi-
: ment with Kites and gliders, to study bird flight and the movement
| of sailing ships, and to think about the nature of. air itself.
t We have scen in such Aerospace Education books as The Aero-
| space Age (AE-1) and Theory of Aircraft Flight (AE-1I) how
}A man’s concepts of flying developgd over the years. In this book




PROPULSION SYSTEMS FOR AIRCRAFT '

we look atﬁ)c matter of flight from a different viewpoint: the
development of the power plants that finally enabled the ancient
dream to become reality.

As an adjunct to the accumulation of knowledge came physical
developments. One of the most significant developments was the
invention of the steam engine in the late eighteenth century. This
new device represented man's first successful harnessing of mech-
acical power for useful work. It freed man from dependence on
power from animals, wind, and falling water, and turned his
thinking in new directions. ,

The steam engine was a revolutionary invention, and is still in
use today. As important as the steam engine was, it had a number
of basic characteristics which made ‘it unsuitable for aircraft power.
For one thing, the steam engine was too bulky. For another, it
wa\ not. responsive enough to the pilot’s control. It was too
heavy. Moreover, it required external combustion.

External combustion meant that the Iire that heated the water
and turned it into steam was located outside the engine itself. This
feature, with its increased danger of fire, was more than just an
inconvenience for someone who intended to fly through the air
under power of a steam engine. (Some steam engines were used
in the early days of ballooning, but they were soon abandoned.)

Improvements in the steam engine led eventually to the develop-
ment of the internal combustion engine, which was a very significant
development in the evolution of mechanical power. One of the
most important  characteristics of the new engine was provnsnon
for the burning process to take place inside the engine. The in-
ternal combustion engine eventually was to provide the power
for. man's first successful controiled, powered flight of a heavier-
than-air craft. 4

The development of the internal combustion engine spurred the
development of new metals that were strong enough and light
enough to withstand the stresses of heat and pressure in the en-
gine, while providing sufficient poweér to fly an airplane. Along

. with the development of this new kind of engine came new

thought on how power coyld best be produced and used.
As you have seen in previus study in the Aerospace -Educa-

.tion course, the road to succdssful flight was paved with many

ideas from many men over a geriod of many years.

Orville and Wilbur Wright cbllected the recorddd progress in all
of the fields of aviation thoughl tested it, threw out what did not
work, then added information of\their own to the pool of knowl-
edge. The collective knowledge produced by centuries of work
by a number of people all over the world was responsible for

2
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Figure 1.-December 17, 1903, at Kitty Hawk, North Caroling, was the "Wright” time
and place for the. first successful flight of a manned, heaviersthan-air machine. Here,
the Wright Brothers’ Flyer stands ready for its historic advanture.

the first controlled, powered, heaVier-than-air flight on 17 De-
cember 1903. That historic flight lasted 12 seconds. The Wright
brothers’ Flyer (Fig. 1), with Orville at the controls, attained a
forward speed of seven miles an hour, and. covered a distance
of about 120 feet. Those figures do not sound like much today;
in fact, they were far surpassed by the Wrights themselves before
the day was over. The pilots “got the hang" of flying their new
machine and they flew three more times that day. Flying into a
21-mile-an-hour wind, the last flight (with Wilbur piloting) lasted
59 seconds and covered a distance of 852 feet, at an average
speed through the air of 31 miles per hour. !

Orville Wright’s flight represented the first successful application
of the distilled knowledge of centuries of thinking, countless groping
experiments, and an unknown number of unsuccessful attempts by
men who would have been well satisfied to fly for 12 seconds at 7
miles an hour. .

Let us briefly review that history.

[t

. FLIGHT THEORY
™~ »
For centuries before the Wrights, man had used the wind for
power. Wind in the sails of ships moved those ships farther and

faster than humans could réw. But no one knew how to use the

same wind force for flight. Ancient thinkers on the matter of _
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flying thought that air was a Sustaining force—that is, that air
supported the birds, and held them up in the air. They differed
on how the birds moved through the air. Some thinkers believed
the birds swam through the air like a man swims through the water.
Others believed the bird's forward motion was caused: by the air
closing around the bird’s body, “squeezing” the body forward.

Leonardo, da. Vinci, 1452 to 1519, subscribed to the “swim- .
ming” theory, but he recognized that air hinders flight instead
of helping it. Da Vinci was among the first to realize that air
\ could be compressed, and that this compressibility acts to block
, flight. He made long studies of birds, and as’a result, became a
proponent of streamlining to cut down wind resistance as much as '
possible. Among da Vinci’s drawings are plans for a parachute;
for a kind of helicopter, which could pull itself through the air
with a propeller-like screw, much as later boats would push them-
selves through water; and for an orsithopter, a device with bird-
like wings that man could flap with his muscle power, through a
system of pulleys. This wing-flapping idea seems to have been
most common among early would-be aviators. (The word aviator,
"as a marter of fact, is derived from the Latin word, avis, which
means “bird.”) '

In 1680, a biologist named G. A. Borelli published a work ex-
plaining, among other things, that man’s muscles alone would
never be able to power a heavier-than-air craft through the air.
Borelli explained that man had a poor ratio of pawer to weight,
as compared with the bird. This biological explanation did not
convince everybody, though. Some “birdmen” persisted in *eir
attempts to get off the ground with bird-like wings. There is no
record that any of them succeeded.

What they could not know was ‘that the bird’s wing was far
from the simple flapping arm they saw. In fact, modern high-
speed photography has revealed that the outer primary feathers of
a bird's wings function as propellers do to drive the bird forward
(Fig. 2). Men of Borelli’s time know virtually nothing about aero-
dynamics, however, and saw only simple flapping when they
looked at a wing in operation.

Many of the air-minded thinkers after Borelli's day turned their .
minds to flying lighter-than-air craft, or balloons. A major problem -
with the balloons was how to control their direction of flight. -

More than a century clapsed between the publication of Borelli's
work and the invention of the steam engine. The greater part of
another century had gone before the steam engine was used to
propel balloons. ) 5

ERIC 12 | ¢




' Sy on W7
e VA ) A
e ) Y/ q:u’
. *s R — §4 - \ . e M
N Y & , ]

s A:A‘\ ~ ¥ .

. . ~

- . Figure 2, The eatly advocates of manned flight copled the wings of the: birds to the '

best of thsir abllity. What they.did noﬂg‘now was thot birds’ wings act as propellers
to driva the birds through the air. As the bird's wing beats down, the alr pressure
twists the outer grimary feathers 1o the proper angle o drivo*lho bird forward, while .
! . ‘th? remaindsr of the wing providas Iift.r .
- _ The fixst gircraft engine was a steam engine developed in. 1851
- by Henri Giffard. of France. The engice weighed about 350
"pounds and developed ‘3 horscpower. Im Scptember 1852, a
cigar-shaped balloon flew at 6 miles an hour for 17 miles under
. the power of Giffard's engine, which drove directional propellers,
v -

[]
.

] K ) * Intemal Combustion Esgines = -
. L. '/
From the'time the steam engine was invented,. scientists worked
constantly to improve it. Their éxperiments led away from ex-
ternal combustion and’toward the development of the internal ,
combustion engine. .

- It is impossible to attribute to one man the invention of the

~  internal combustion engine. It¢ development was made possible

. by an accumulation of knowledge in mechanical skills, thermody-
namics (the -effects of heat), experience,. and the availability of
materials® *

o * 'The first record «of the internal combustion gasoline engine was
-reported in 1820 by an Englishman named W. Cecil,

Cecil’s engine’ operated on a vacuum-like’ system. The fuel
burned nside the engine. As the heated alr coeled, it produced
o~ an area’ of lower pressure. The pressure differential was used to
) © peer g}xe engine., ‘
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Later experiments showed that better power could be obtained
, by using the expansion force of \the burning ‘gases, rather than
the vacuum of the cooling gases A\s a further refinement, in 1838,
William Bamett of England sufgested that the gasoline would pro-

duce more power if it were compressed before it was ignited.

fhp first really practical internal combyStion engine was, de-
signed in 1860 by'the Frenchman, LJ.E, . Lenoir. Two years
later, another Frenchman, Alphonse Bean de Rochas, came out -
with a theory for a four-cycle engine. His engine would have four

. steps: one for intake of the fuel, one, for compression of the fuel; -
< e one for burning of the fuel (the power step); and one for the
g spent gases to be exhausted. ‘

A German named Nikolaus Otto applied the de Rochas theory
to real engines in 1876. He, begdn manufacturing them in the
United States in 1878. Finally, Gottlieb Daimler made a valuable
contribution to the propulsion ficld when I devised a high-’speed
internal combustion engine in 1883. N

The internal combustion engine was to be the key to powered,
heavier-than-air flight. ’ g )

LY 1

POWERED FLIGHT

. The first intgrnal combustion engine used on an airship, as bal-
” loons were called then, used coal gas for fuel. It was devised
by Paul Haenlein of Germany in 1872, and had féur cylinders.
Eleven years later, Albert and Gaston Tissandier of France used
an electrically-driven. motor providing~1.5 "hofsepower on an air-" ¢
ship. ) ’

The first use of a gasoline-burning internal combustion engine
« on, an airship came in 1897, David S“wartz of Germany built
the engine and installed it on a stecrable balloon, or dirigible,
made of aluminum sheetiflg stretched over a frame.

A Bfazilian, Alberto Santos-Dumont, and a German count,
Ferdinand von Zeppelin, both worked on dirigibles powered by
intetnal combustion engines. Santos-Dumont started his experi-
ments in 1898. Three years later, his dirigible flew a. distance
of seven miles in 29 minutes, 31 séconds. The 12-horsepower
engine could move the, 1105oot-long dirigible at 15 miles an
hodr. Count Zeppelin built a huge dirigible (420 fect dong) in
1900 and powered it with two internal combustion benzine en-
gines,” developing 16 harsepower each. ’

-~ Some American dirigibles were fitted with gasoline engines, as

\
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Figure 3. The age of the dirigible saw many “types of propulsion applied to the
stesrable ‘balloons. Here, a four-cylinder reciprocating engine is installed in the US
sSignal Corps’ Dirigible Number 1, in 1908,

in figure 3. The future, however, belonged to the heavner than-air
vehicles rather than to the dirigible.

Gilders

While the balloons supplied increasing information on engine
design, valuable information on aircraft design was being gather»’d
by glider builders.

Sir George Caley of England carried out pioneering experiments
with gliders around 1800. Later, Germany's Otto Lilienthal became
the foremost individual among glider experimenters. Lilienthal,
beginning in 1871, compiled a vast amount of information on aero-
dynamic principles through his work with gliders. Two of Lilien-
thal’s disciples also made 1mportant contributions to airplane de-
sign through glider work in the last decade of the ninetcenth
centu.,. They were Percy Pilcher, of England, and Octave Chanute,
who was born in France and moved to America at age six.
Chanute was to give the Wright brothers valuable moral. support
and encouragement in their search for the answers to the problerfis
of flight.
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The marriage of the internal combustion engine to an air frame
that incorporated acrcdynamic principles resulted eveatually in a
sgccessful heavier-than-air machine.

More Power

_ Continuiug advancement of the internal combustion engine
ncarly brdught to Samuel Langley, an Amefican, the historic
honor of producing the first successful. heavier-than-air craft. Lang-
ley, Director, of the Smithsonian Institution in Washington, DC,
produced a serics of powered model airplanes. The fifth model
flew for about a minite and a half and covered nearly three-
quarters of a mile. As a result of his experimentation in 1898,
Congress awarded him a grant to develop a fullsize aircraft.

Langley hired Charles M. Manly, a graduate student at, Cornell
University, to build an engine for the full-size aircraft. Manly re-
spended with a five-cylinder radial engine, weighing, wjth ac-
cessories, 207.5 pounds and developing’ 52.4 horsepower. This
engine, a.marvel $or that time, is shown in figure 4.

With Manly at the controls, Lanley’s derodrome was laupched
in October of 1903 from a catapult device mounted atop a house-
boat on the Potomac River. Part of the aircraft's structure snagged
on the launching gear and the Aerodrome plunged into the river.

The plane was repaired, and on § December 1903, Manly made
another try. When the plane’s rear wing collapsed on launch, his
reward was another dunk into the river and hoots of derision from
the Nation, the latter shared with Langley. Although Manly’s engine
was not at fault in the Aerodrome’s failures, he Shared the blame,
and his chance at immortality was missed. Nine days later, Orville
Wright lifted. off a launching rail at Kitty Hawk, North Carolina,
in-the Flyer while brother Wilbur stood by.

~

Success

The Wright brothers’ flight was no accident. It was the result of
long, hard work, of study of everything they could find on aero-
nautics, of building gliders and testing them, of constructing a wind
tunnel to try out their ideas. When they could not find written
material op information they peeded, or—as. often was the case—
when accepted acrodynamics theorics proved to be wrong, they
experimented and developed their own ideas. When they could
not find parts they -necded, they built their own. For example,
they. found no useful information on propeller design so they had
to virtually invent one that would work on an airplane. The

L 4
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Figure 4. Charles Manly’s engine was powerful and efficient enough to drive the
Asrodrome, but could not oyercome mistakes in the aircraft itself. A five cylinder radial
angine, it used a bicycle wheel for a flywhesl.

, (Photo courtesy Smithsonian Institution MNational Air Musesum)

same was true with the engine. After scarching for a suitable
engne to power the Flyer, the Wrights decided they must build
their own. All known engines were rejected be.ause they were
too heavy or lacked sufficient power. (Manly was building an
engine for Langley but the Wright brothers did not know this.)
Finally, they powered the Flyer with the gasoline-burning in-

9 ¢ * '
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Figure 8. This engine powered the Wright brothers aervplane at Kitty Hawk In
December 1903. Ahhgugh lnfcnor to the Manley éngine, It was successful because it
propallad a successful aircraft.

(’i’holo couriesy Smithsonian Institution Notional Alr Museum)

ternal combustion engine shown in figure 5, which was buflt with
the assistance of their mechanic, Cl‘arles Taylor. The in-line
engine had four cylinders, welghed 170 pounds, and developed
12-horsepower. It drove two wooden propellers.

The Wrights put in many hard hours of work over several
years on their way to their date with history, and that work paid
off in immortality.

Jets

Jet propulsion has a different history. The theory of jet power
has been around for centuries, but it was not until after Isaac New-

10
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ton published his ideas on motion in 1687 that.the jet ‘was con-
sidered feasible as a propulsion device. More than 200 years

‘v elapsed after Newton, however, before anyone considered using a

jet engine on an aircraft.

Actually, despite the fact that the principle of jet propulsion was
known when the aircraft was first flown, the principle was not
applied to aircraft for almost forty years. There were several reasons
for this delay. When aircraft first began to fly, the only known jet
engines were ‘of the external combustion type, which were too
bulky and lacked power; and internal combustion jet engines could
not be developed untif man ,had come up with metals strong
enough to withstand the tremendous heats and pressures produced
inside such engines, -

An American, Sanford Moss, contributed substantially to the jet
engine, but more or less incidentally. Moss did research-on the gas
turbine, which was to play a big role in the jet engine’s develop-
ment. The tirbine is a mechanical wheel-like device that spins
in reaction to a fluid flow over or through it. Although the concept
of a turbine was not new, Moss did much to perfect the idea. He

experimented successfully with the gas turbine in 1902.

An English Air Force officer named Frank Whitls combined the
gas turbine and an air compressor to make a jet engine in 1930.
But progress stalled until World War II came along. The English
successfully flew a jet aircraft in May of 1941, thanks to Whittle.

But he was not the first. The world’s first jet aircraft flew in
Germany in August, 1939. The engine was designed by Hans von
Obain. A year later, an Italian jet aircraft built by Giovamni
Caproni flew 130 miles from Milan to Rome. ’

Whittle’s ideas were imported by the United States and eventu-
ally emerged in the form_of the P-80 Shooting Star jet aircraft
in 1944, The engine in figure 6 powered the P-80, America’s
first operational jet aircraft. The world’s first operational jet air-
craft was the German Messerschmidt ME-262, which appgared
carly in 1944,

The development of the jet leaped forward after World for 1I.

POWER' TERMS

In the discussion of propulsion systems, two terms are used
to describe the power output of the engine system. These terms
. ,

1 0
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Figure 6. This {et engine powered the first operational Amarican {st plane, the P-80.
Developed by Genaral Electric for the Army Air Force, the engine provided 4,200
pounds of thrust.

are horsepower, used to evaluate the reciprocating engine; and
thrust, used to rate the jet and rocket engines.*

Horsepower -

Horsepower is a more or less artificial word, invented- to
ratc an cngine’s power in relation to the more familiar power
source of earlier days. To understand horsepower, however, it is
necessary first to understand the term work as used in a physical
sense. Work is described as the exertion of a force over a given
distance. It is measured in foot-pounds. \

“ Work is the product of foxce, or weight, times the distance that
weight is lified. (“Force” hag another definition in calculating jet
engine power. Sec below.) Time is not a factor in finding the

oIt is handy to know how horscpower and thrust are puted, but comprehending the fore
mulas used here Is not 1 to und ding how the engines wotk Those not mathematically
Inclined nced not be concerned §f they do not understand these formulas

12
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amount of work done. The formula for determining work is ex-
pressed W = F X D. '

When invéntor James Watt was looking for a way to evaluate
the power of his steam engine, he decided to rate the ehgine
against a familiar power source, a horse. Watt hitched a brewery
horse to a 150-pound load and prodded the animal to his best
effort in lifting that load. Watt found that the best that horse
could do was to lift the load three and two-thirds feet in an aver-
age second. )

Using the formula for determining work, Watt found that the
horse had performed about 550 foot-pounds of work per second.
One horsepower, then, became equivalent. to 550 ft-lb/sec. To
find the horsepower rating for an engine, then, we divide the num-~
ber of foot-pounds of work that an engine can .perform in one
second by 550—the number of foot:pounds of work the horse

could perform in the same period. The formula is expressed, hp =
number of ft-lb/sec

550

With today’s big engines, manufacturers have found it more con-
venient to figure the horsepower by the amount of work done

per minute, rather than per second. This formula is stated, hp ="

"umbcra‘;foﬁgb/ min.. (The figure 33,000 is merely 550—f1(’)rsepower

in seconds—qlultiplie_d by 60 seconds.)

An engine capable of lifting 10,000 pounds of weight a dis-
tancc of 50 feet in 30 seconds could lift the same weight 100
feet in one minute. Multiplying 100 feet times 10,000 pounds

we find that the engine performs 1,000,000 ft-Ib of work per
1,000,000

minute. The horsepower rating, then would be: 13000 = 303 hp

Thrust

The power of jet and rocket engines is expressed in terms of
thrust, instead of in horsepower, ,

Jet engines operate on the principles of Newton's second and
third laws of motion (force is proportional.to the product of mass
and acceleration, and for every action there is an equal and op-
posite reaction). ;

In the jet, the force in Newton's second law is the power that
moves the mass of air toward the rear of the engine. The acceleration
is the increase in speed of the air mass from the time just before it
enters the jet engine until the time it departs the jet engine.

13
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PROFULSION SYSTEMS FOR AIRCRAFT

Acceleration rates the average speed increase for each second
the air mass spends in the engine, and is expressed as feet per
second per second. As a simple example, suppose the air mass
_entered the engine at a speed, of 100 feet per second. Suppose
it took three seconds to move through the engine, and that its
speed at exit, or exhaust, was 1,600 feet per second. To find
the acceleration of the air mass*, we subtract the initial velocity
(V1) of 100 feet per second from the exhaust velocity (V) of
1,600 feet per second, then divide that figure by the time re-
quired to bring about the increase (3 seconds). Expressed as a
formula, it would look like this:

E N . ’ V2 Ll V1
Acceleration = times in- seconds
1,600 — 100 1,500
A= ( 3 ) = 5 = 500 feet per second per second

The term “feet per setond per second” is too bulky for use in a
formula, and is abbreviated to ft/sec/sec or, more usually, ft/
sec?, )

The formula for determining the power, or thrust, of a jet en-
gine is based on Newton's second law. It is, Force (in pounds)
= Mass (in slugs) times Acceleration (in feet per second per sec-
ond), or F = MA. To find the power rating of a jet engine, we
substitute the word “Thrust” for the word “Force” in the formula,
since the tivo mean the same thing in this case. Our formula
now reads, o

»

Weight .
. T (Thrust) =3cT|g2 X Acceleration

Imagine, then, a jet engin'e capable of handling 150 pounds of

air per second, and producing an exhaust, velocity of 1,500 feet per

- second. Assume that the engine is stalionary, making V, zero.
The thrust could then be computed as follows: _

150 (1,500 — 0)
23 X 1

T = 465 X 1,500

T = 6,975 pounds

T =

*The air mass is measured i1 sfugs, which are computed by dividing the poundage weight
of a given volume af air by the normal acceleration caused by gravity (32,2 ft/sec?). 'In
effects this climinates the feration caused by geavity from our matkematicai calculations.
and gives us a truer 1dca of real engine power.

14
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POWER IN FLIGHT
. Thrust Horsepower
To get an idea of how thrust of a jet engine compares to horse-
Jpower of a reciprocating engine, we may use a formula for deter-
mining the unit called thrust horsepower (thp).

thrust X airspeed
375

The figure 375 in the formula is horsepower expressed in mile-
pounds per hour, and is simply an expansion of the more familiar
. 550 ft-Ib/sec, or 33,000 ft-1b/min. )

Thus, if a jet engine with 10,000 pounds of thrust powers an
aircraft to a speed of 800 miles per hour, the thrust horsepower

would be
_. 10,000 x 800
the = 375

thp = 21,333,

This formula is stated, thrust horsepower =

WORDS AND PHRASES TO REMEMBER

acceleration jet propulsion
air compressor ‘Inass
balloon ME-262
dirigible ornithopter
external combustion engine P-80 Shooting Star'
force y slug
ft/sec? steam engine

-~ four cycle-engine thrust
gas turbine thrust horsepower
horsepower ' work

internal combustion engine
~ L]

NAMES TO REMEMBER

Barnett, William -
Borelli, G. A. (bor-EHL-lee)

Caley, Sir George !

Caproni, Giovanni (kah-PROHN-nee)
Cecil, W.

Chanute, Cctave (shah-NOOT)
Daimler, Gottlicb (DIME-ler)

da Vinci, Leonardo (DAH VINH chee)
de Rochas, Alphonse (duh-roh-SHAH)
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Giffard, Henri (gif-FAR) Santos-Dumont, Alberto
Hanlein, Paul (HAHN-line) ' Schwartz, David

Langley, Samuel Taylor, Charles .
Lenoir, J. J. E. (len-WAHR)  Tissandier, Albert (tee-jahn-de-AY)
_ Lilienthatl, Otto Tissandier, Gaston
Manly, Charles Watt, James
Moss, Sanford Whittle, Frank
Newton, Sir saac Wright, Orville
Ohain, Hans von Wright, Wilbur
Otto, Nikolaus Zeppelin, Ferdinand von .
Pilcher, Percy .
) QUESTIONS

1..Name one basic difference between the steam engine and the engine used
to power the Wright brothers’ Flyer.

2. What was the contribution of balloon fliers to successful heavier-than-air
flight? What was the contribntion of glider fliers?

3. Why did it take engine makers so long fo devise an engine capn‘b]e of
powering an aecroplane? \ . £

4, Hoi!" did Charles Manly's engine, which he used on the Aeyodrome, com-
pare with the engine that poweerd the Wright brothers’ Flyer?

8, ‘The theory of jet. power is very old. Why was jet propuision not used to
power aircraft in the early days of. aviation?

6. What texm is used to evaluate the performance of the reciprocating engine?
The jet engine? Ties

7. What formulas are used to find horsepowex: ‘bl' thrust ratings for engines?
How do “horsepower” and “thrust” compare?

THINGS TO DO

1. The development of internal combustion enginés forced the development
of metals and other materials capable of withstanding the stresses of heat
and pressure of the new enginec. Modern jet and rocket engines develop
heat and pressures much greater than the first internal combustion engines.
Find some good examples of sew materials developed as a dinig result
of modern propulsion systems. List some uses for these new ma erials in

. areas other than propulsion systems.

2. Although the first men to achieve powered flight were Americans, their
biggest acclaim and the most immediate follow-up to their accomplish-
ment came from Europe. Similarly, pioneering work in rocketry was done
in the United States, but Europc made far more carly use of it than

16
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-America. Find out what historical and social factors led to this situation.
Are any of the same or similar factors at work today, or has the situa-
tion been revérsed? Explain your deductions and observations.
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Chapter 2

*

~ Recipro¢ating
Engines

==

THIS CHAPTER is concorned with the performance of the
reciprocating englne, the dominant sngine in-gensral aviation
today. it reviews the mechanica! functioning of the recipro-
cating -anging, beginning with-the power cycle and including
the. necssslty and means of cooling: the sngine. When - you
finish this chapter, you should be oble to: (1) describe the -
power cycle of the reciprocating engide, explaining whot
happens during each. step; (2) ‘explain. how dissed engines
differ from reciprocating engines and why diessls. are not
used in aircraft; (3) explain the differing characterlitics of
in-line-and- radial engines.and their relative advontages and
disadvantages; and (4) describe clearly the workings of air
cooling and liquid cooling systems Jn .reciprocating aircraft
. engines and teil which is preferred and why.

"
THE AGE of the jet aircraft has had a profound influence on :
the thinking of air-minded Americans. The jet suggests speed
and glamor and, indeed, it provides both. But in the field of

general aviation—that is, all aviation except commercial airlines
and military aviation—more than 90 percent of all aircraft are

19
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", PROPULSION-SYSTEMS FOR ATRCRAFT \

powered by the “old-fashioned” propulsion system of Jpiston en-
gine and propeller. This engine, where the powsr is produced
» by the back-and-forth motion of the pistons, is called a récipro-
. cating chgine. - C. :
« . ~
THE RECIPROCATING ENGINE
The reciprocating engine is dominant in general aviation not
anly becanse it has been around longer -than the jet, but because’
it is ‘well suitéd for the job it is called on to perform; that is, to .
deliver efficient, reliable, economical service at speeds below the
. speed of sound and at altitudes below 40,000 feet. Because of the
dominance. of this engine, it is important that we know something
about it. In many ways, you will find that the aircraft’s recipro-
cating enging is similar to the engine in most automobiles, with
the main differences being that the aircraft engines are more pow-
erful, more rugged, and.lighter for the horsepower they develop.
We will begin our study of the reciprocating engine by examining
. the mechanical system, where the power is developed. ’

o

4 The Mechanical System

.Reciprocating engines used in aircraft havé certain méchanical
parts vital to their opération. These parts may be arranged in any
of several different ways, but the design of the parts themselves
remains more or less standard. These vital parts include the cylin-
der, .the piston, the connecting rod, the crankshaft, the valves,
and cam shaft (Fig. 7). - . o
Reciprocating engines used to power aircraft operate on what is
called” the four-stroke cycle. This means that the piston makes
four strokes—movef®nts from top center to bottom center of the
cyliqder, or from bottom ceater to fap center—to accomplish the 2
five stages in each complete action cycle.
The five steps in each cycle are: (i) intake, (2) compression,
(3) ignition, (4) power, and (5) exhaust. The third step, ignition,
occurs just before the end of the compression step and is thus con-
sidered as a part of the piston’s, second stroke. (Fig. 8)

The cylinder is the combustion chamber in which the engine’s ‘
: power is developed. The piston is designd to fit into the hollow , '
;. cylinder snugly, but not so tightly as to prevent free up-and~down
b e action by the piston. A connecting rod links the piston to the

crankshaft, outside the cylinder. The crankshaft is designed "to
convert the piton’s up-and-down motion into the circular moti
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. BASIC PARTS OF AN
ENGINE *

. EVERY INTERNAL COMBUSTION
ENGINE MUST HAVE CERTAIN!
SASIC PARTS 4 OROER TO CHANGE
HEATANTO MECHANICAL INERGY

THE CYUNDER FORMS A PART ‘
THE CHAMBER IN WHICH THE FUEL |
" IS COMPRESSED AND BURNED

AN INTAKE VALYELS NEEDED TO LET

N THE FUEL INTO THE CLOSED CYLINDER

|
|
|
AN EXHAUST VALVE IS 10
T Y US00

2

WE CONNECTING ROD FORMS

PiS MOVING WITHIN THE
ZYHEUNDETR??'OIMS IE'IWEEN 'I’HE ﬂSTOW

ONE OF THE WAUS
OF THE COMBUSTION CHAMSER. THE
MSTOM HAS RINGS WHICA SEAL THE
- PIST ON IN THE CYLINDER, PREVENTING
NY LOSS Of POWER ARQUND THE
SIOES OFTH TON:

"

I

. “

THE CRANKSHAFT AND CONNECTING ROD CHANGE THE STRAIGHT lINE MOTION

OF THE PISTON TO A ROTARY, TURNING MOTION THE CRANKSHAFY IN AN AIRPLANE
. EXGINE ALSO ABSORSS THE POWER OF WORK TROM ALLTHE CYLNDERS AND TRANSFERS
\ IT TO THE PROPELLER. .

- Figure 7. Every internal combustion engins must have certain basic parts In arder ta
change heat inta mechanical energy. This illustration shows the basic purls of the
reciprocating engine and the functions they serve in the conversion process.
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VALVE OPENS

FUEL MiXIURt -4 VALVES CLostD

1. 2.
©/
. : VALVE OFENS
’ SURNED GAS OUT
fUSL SURNS ;
AND FORMS GAS .
3 4, EXHAUST

Figure 8. The movement of the piston up ond down in the cylinder tronsmits energy
to the cronkshof}, which turns the propeller. The procsss thot supplies power to the
piston is the four-stroke engine cycle exploined here.

‘ required to"turn the propeller, which is attached to the end of the

crankshaft. As figure 9 shows, the crankshaft is not straight, but
has throw& or bends in it. The connecting rods are attached to
these throws.: |

At the top of the cylinder, in the cyIinder'head are located two
valves, an intake valve and an exhaust valve. The opening and
closing of thes%:lves allows the fuel to enter the cylinder and
the exhaust gasés.to leave it. As illustrated in figure 10, this
opening and closing is regulated by a rocker arm, a spring-
loaded finger-like device. The rocker arm is actuated by rings
or lobes on a2 cam shaft, which is located adjacent to the
crankshaft. The cam shaft is connected to the crankshaft through
a series of gears.

Thi- camshaft-crankshaft connectxon provides synchronization of
both shafts, the valves, and the piston. The rings on the cam
shaft—the cam rings—are made off-round, or eccentric. By press-
ing and releasing the tops of the valves in a timed sequence, the

2




RECIPROCATING ENGINES

cam rings act to insurc that each valve opens and closes &t the
proper time in the cyclc.

With all of this in mind, then, let us look at the action shown in
figure 8 that produces the power that drives the propeller.

INTAKE STROXE.—The piston begins the cycle from the location
at top center of the cylinder. Movement of the piston downward,
toward the bottom of the cylinder creates a vacuum or area of
reduced pressure inside the cyhndcr ,When the intake valve at
the top of the cylinder opens, the increased volume and lower pres-
sure inside the cylinder allows the pre-mixed fuel and air charge to
enter the cylinder through the intake valve opening.

COMPRESSION STROKE.—The piston rever.es 1its direction, starting
back toward the top of the cylinder. Both the intake and the ex-
haust valves are closed, due to the cam .ring action. The piston de-
creases the volume inside the cylinder, compressing the fuel mix-
ture into a small space. Just prior to the end of this stroke, about
20 or 30 degrees of crankshaft rotation from the top of the cylin-
der, a spark from the spark plug xgmtes the fuel. The momentum
of the piston’s upward movement carries the pisten to the top
of the stroke.

PowerR STROKE.—The fuel mixture, 1gmted by the spark, is
burning now as the piston again reverses its direction. The burning
fuel forms a large volume of gas, which creates tremendous pres-

PISTONS

Figure 9. The piston is connected to the crankshaft by connecting rods. The throws, or
bands, in the crankshaft are staggered to abtain o continuing turning motion from the
piston power.
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ROCKER  ARM

Figure 10. The camshaft, connected to the crankshaft through gears, moves a push

rod in a timed sequence. The push rod operates a rocker arm. The rocker arm forces

the intaké apd exhaust valves in the cylinder to open at the proper time in the four-
strake cycle. Whan the rocker arm lifts, the valves spring closed.

sure. This ressure, drives the piston down forcefully. This power
stroke is the Whole reason for an Engine.

Exuaust STROKE.—Slightly before the piston reaches its down-
ward limit and reverses direction once more, the exhaust valve
at the top of the cylinder opens. As the piston moves upward on
its final stroke of the cycle, it forces the spent gases out of the
cylinder. As the pistoh reaches the top of its final stroke, the
exhaust valve closes and the cycle begins again.

24
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This four-stroke cycle occurs at the same time in the other
cylinders of the engine, but no two cylinders are at the same stage
of the cycle at the same time. The cylinders are timed to fire in
sequence so as to turn the crankshaft smoothly, transmitting power
from it to the propeller. The sequence of ignition of thg: cylin-
ders'in-the engine is called the firing order,

Each cylinder goes through a complcte cycle approximately
1,000 times every minute the engine is in operation. An engine
with 18 cylinders, then, furnishes the propeller with about. 300
power strokes per secopd.

«. Dlesel Engines

The aircraft engines we are discussing.use a mixture of gasoline
and air for fuel. You may be familiar with another type of engine,
the diesel. This is the powerful engine used on railroad trains
and most heavy trucks todazy. Diesel engines are not used on
modern aircraft, primarily because they are too heavy.

The diesel engine, named after Rudolf Diesel, its inventor,
works on much the same same principle as dqes the four-stroke
cycle gasoline engine we have been dnscussmg But its fuel is an
oil that is not nearly as combustible as is gasoline. In fact, there
is no explosion as such in the operation of a diesel enginc. The
diesel has no need for spark plugs and carburetors.

A basic differezice in the operation of gasolize and diesel en-
gmes is that on the compression stroke of the diesel, no fuel is yet
in the cylinder. The piston compresses air only.

Comprcssmg 4 gas, such as air, makes the gas hot. In the gaso-
line engine, the gasoline-ail mixture may bé compressed to about
ong-ninth its original volume. If compressed more than that, it
will explode. The explosion would, of course, prevent the piston
fmnllc reaching the top, of the cylinder and the engine would not
wor

In the diesel engine, however, the air in the cylinder is com-~
pressed to about one-fifteenth its original volume. The temperature
of the air in the cylinder rises above the burning point of the fuel
oil. At the top of the compression stroke, the fuel oil is injected
under pressure into the cylinder and burns immediately. The ex-
pandmg gases force the piston down and supply the power, just

.as in the gasoline engine.

The diesel would seem to offer advantages for use in aircraft.
Since the fuel oil is not as combustible, it would be less likely
to explode in case of a crash. Moreover, it is cheaper than gas-

32



.

PROPULSION SYSTEMS FOR AIRCRAFT

oline. But although the diesel provides more power per cylinder
than does the gasoline engine, it does not provide as much power
per pound of weight. The reason for this is that the diesel engine

must be built very strongly—and very heavily—to withstand the |

tremendous pressures of the compression inside the cylinders. For
this reason, the diesel is considered too heavy for aircraft use.
The diesel engine also is more sluggish than the. gasoline en-
gine and does not react as quickly to the throttle. It is better
suited to use where weight is not too important and where econ-
omy is needed. :

Types of Reciprocating Engines

A ‘constant concern of engine manufatturers is the problem of
low to get more horsepower from their engines. In designing
reciprocating engines, there are two basic ways to accomplish
this end: we may increase the number of cylinders in the engine,
or we may increase the size of the cylinder.

The practical limitations on increasing the size of the individual
cylinders are so restrictive that manufacturers have concentrated
on the other design method, the development of multi-cylinder
engines. Not the least advantage in using this method is the added
smoothness of power supply, brought about because of the added

,aumber of power strokes per revolution of the crankshaft.

Manufacturers have come up with several different engine de-
signs and configuratiohs to accommodate the addition of cylinders.
The most common designs in use today are shown in figure 11,

IN-LINE.—The in-line engine is one in which the xcylinders
are located in a row, one behind the other, along the crankcase
(the casing through which the crankshaft runs). The cylinders,
then, are “in line,” Hence the name of the engine.

To accommodate additional cylinders, the crankshaft must be
lengthened and its number of throws must be increased.

If the cylinders are located above the crankcase, the engine type
is called upright. Most early automobilés used upright in-line en-
gines. If the cylinders are below the crankcase, the engine type
is called inverted.

OPPOSED.~—One type of engine has two rows, or banks, of
cylinders, one row on each side of the crankcase. .The rows of
cylinders are directly opposite each other, and the engine type is
called hotizontal opposed.

V AND x.—Aircraft engines can come in’a varicty of designs, in-
cluding the “V” and the “X.” The “V” enginc features two rows
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<

V TYPE UPRIGHT ) X TYpe i

Figure 11, The most common arrangements of aircrafi engine cylinders are shown here.
Generally, the heavier and more powerful aircraft are fitted with radial engines, the
) smaller craft with the other types. *

of cylinders set at an angle of about 45 degrees. The “X”
engine (not a commion engine) is essentially an opposed “V”
engine. '

In the manufacture of these engines, the cylinder heads may
be cut separately or the whole bank of cylinders may be cast
in one block, then machined to specification. Usually, the cooling
system the engine will use determines the way in which the
cylinder heads are made. If the engine is to be cooled by air,
the individual cylinder heads usually are cast separately, If liquid
cooling is to be used, the heads usually are cast in one long block.

Non-radial engines ‘are used in almost all of the smaller air-
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craft. The type of engine used most often for these light planes is
the horizontal opposed, due to its streamlining advantages.

The engines used to power light aircraft are usually air cooled,

which eliminates the need for the extra weight and machinery
of the liquid cooling system. The larger, more powerful non-
radial engines employ the liquid cooling system, however, because
it is very difficult to cool the rear cylinders Wwith air.
. Since lightness is important in small aircraft, liquid cooling is
avoided. But the use of air cooling imposes limits on the number
of cylinders that can be built into a gon-radial engine. The limi-
tation on the number of cylinders restricts horsepower. The net
result is that such engines rarely produce more than 250-300 horse-
power. More powerful non-radial engines are available, but they
must use liquid cooling. Where the demand is for more horse-
power, plus the weight advantages of air cooling, the radial en-
gine is used, .

RapIAL ENGINES.—The radial engine féatures a crankshaft with.
only one throw. The cylinders are arranged around the crankshaft
in 2 circle in such a manner that all the cylinders and connecting
rods contribute their power through the single throw. One of the
cylinders is designated as the master cylinder. The connecting rod
from the piston in this cylinder is called the master rod, and at-
taches to the throw of the crankshaft.

Other connecting rods, calfed articulating rods, connect the other
pistons to the large end of the master rod. The master rod, how-
ever, is the only rod that is connected directly to the crankshaft
itself. !

The radial engine always has an odd number of cylinders in
cach bank. This feature is required by the firing order of the
four-stroke cycle, to assure an even delivery of power to the
. crankshaft. Figure 12 shows the typical firing orders for radial
engines.

The maximum number of cylinders in each bank is usually
nine. Where more power is needed from an engine, additional
banks of cylinders may be added behind the first bank. If more
banks are added, the crankshaft must be lengthened to accomo-
date the master cylinders in each additional bank. These extra
banks operate in the same manner as does the original. In effect,
a radial engine with two banks of cylinders is two engines work-
ing together, one behind the other. The design of the radial
engine features fewer working parts and less weight than that of an
in-line engine developing comparable power.

The radial engine is air cooled. Where mort than one bank of

t
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FIRING ORDER: ‘FIRING ORDER:
1-3-5-7-2+4-6 1-3-5-7*9-2\\4-6-8

Figure 12, To keep the crankshaft tuming smoothly, the engine’s cylinders are designed

ta firs not Jn numerleol order, but according to the best firing order for each engine.

By stoggering the firing, the engine mokes the best use of the power from the
cylinders. .

cylinders is built into the engine, the air passes through the first
bank and encounters a series of baffles. These baffles direct the
air around and through the other banks of cylinders to cool the
-rear of the engine.

It is not uncommon to see radial engines with three banks of

each. When more power is needed, the radial engines may be used
in sets of two, or even in groups of up to six enginis.

”

e Performance of Recliprocating Engines .

Manufacturers prefer the air-cooled radial engine for the heavier
aircraft and the air-cooled in-line engine for planes requiring less
than 300 horsepower per engine. )

The propulsion system composed of a reciprocating engine and
propeller is efficient at speeds up to about 400 miles per hour and
at altitudes below 40,000 feet. Such a system can create a large
amount of thrust at low speeds and so can get an aircraft off the
ground after a relatively short takeoff run. This propulsion system

cylinders. Such engines can develop more than 3,500 horsepower
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can carry more weight farther, and on less fuel, than any other kind
of propulsion system in its speed range. It is dependable, and' has
become, through years of development, rugged and simple to t#lain-
tain, |
The propeller-reciprocating engine system of propulsion can pro-
vide very fast acceleration. The engine responds immediately’ and
can change from a low to-a high power output in a very short per-
iod of time. It is versatile and efficient. That is why, in this age

«cf powerful and very fast jet planes and rockets, the propeller-

driven aircraft, powered by the reciprocating engine, is still seeing
extensive use. ) ’

HEAT AND COOLING

Reduced to essentials, the purpose of an engine is to pro-
duce energy, and ‘this energy is in the form of heat. Without heat,
the engine would not drive the propeller. But that same element—
heat—is the primary source of wear and tear on the engine.

When the fuel and air mixture burns in the cyiinder of an engine,
about one-third of the resulting heat drives the piston downward.
This is the only useful energy produced by the engine. Some two-
thirds of the total heat produced is wasted. Of the lost portion
about one-half is pushed out into the atmosphere through the
exhaust valve. The remaining heat—one-third of the total pro-
duced by the engine—does not escape and does not perform any
productive work, Instead, it is trapped in the walls of the cylinder,
in the piston, and in the lubricating oil of the engine. Unless this
‘heat is disposed of, it can destroy the engine.

There are two ways to carry off the excess hqat: by the air
through which the engine is traveling, or by a liquid cooling agent
carried along for the sole purpose of cooling the engine. Which-
ever is used, special features arc built into the.engine to assist
in the cooling.

One of the most noticeable of these features is the system of fins
or flanges machined onte the head and barrel of the cylinders.
These fins expose a broader surface to the cooling effects of the
air. .
In the early days of aviation, air-cooled engines were ex-
posed only to the direct air current through which the aircraft
was flying. The air flowed over the engine, carrying off some of the
cxcess-heat, but that system proved effective only at a fairly low rate
of revolutions per minute by The crankshaft. ‘
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_ With more powerful engines came advances in cooling system
design. The cooling fins were added to the cylinders and the en-
gine was enclosed in a cowling, or cover, with a system of
cow! flaps-and air baffles,

This system slows down the air to the speed at which it does
the best job of cooling. The cowl flaps, which control the volume
of cooling air entering the cowling, can be opened or closed
by the pilot. This air cooling system is effective not only at cruis-
ing speeds and normal altitudes, but on the ground and at high
altitudes (Fig. 13). .

On the ground, the only air available to cool the engine is
that produced by the propeller’s-action. In this situation the engine,
a5 you can imagine, tends to run hot. In contrast, the air at high
altitudes is very cold, and in addition, a greater volume of air is
available due to the movement of the aircraft. In this situation,
the engine tends to run colder than its most efficient operating
temperature. Since the pilot can control the opening and closing
of the -cowl flaps, he can incradse or decrease the cooling ability
of the air and keep his engine near to the most efficient operating
temperature. : )

Another development, called an augmenter tube, is a tube
placed behind the engine. The exhaust gases flow through the
tube and, by use of Bernoulli’s principle, create a pressure dif-
ferential between the air inlet and the .outlet, The result is a suc-
tion effect which pulls the air through the engine faster, and makes
air cooling more effective on the around. .

Figure 13. The cowling structure of an air-cooled englne is designed to get the cooling
air to where 1t is neaded and keep the air circuloting around fhe cylinders, The pilot
can confrol the alr flow by opening or clesing the cowling flaps.
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Figure 14. The liquid cocling systam Is more complex thon the olr cooling method,
requiring plumbing, pumps, and rodiotors to keep the engine cool. Its performonce
is superior, bowevar, on non-radicl engines wth many cylnders, This drowing traces
the flow of the liquid coolont through the engine.

The liquid cooling system on an aircraft works in much the
same manner as does the liquid cooling system on most 3uto-
mobiles. In this system, the coolant flows in & blanket through the
engine block and around the cylinders. The liquid—usually ethy-
lene glycol on an aircraft—circulates through a system of pipes
to a radiator, where_it is cooled by air before repeating its journey
through the engine block (Fig. 14). :

Proponents of the liquid cooling system claim that it cools inore
evenly, and therefore better, than does the air cooling system. It is
more compact and usually can be built with a smaller frontal area.
But since the liquid system is more costly to build and more com-
plicated to maintain than is the air cooling system, it has been
nearly abandoned by United States aircraft engine manufacturers

CONSTRUCTION MATERIALS

Since the heat generated in an engine is so intense, manu-

the heat and keep their strength-and shape. ¢

89

facturers must be careful in choosing materials that can withstand
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RECIPROCATING ENGINES

The cylinder is the heart of the engine's activ.., and is therefore
subject to very high temperatures and pressures. The cylinder bar-
rel—the body of the cylinder—and head must be very strong. The
cylinder is made of a high-grade steel alloy machined to very
close specifications. The inside of the cylinder is highly polished
and is very hard. The cylinder head is made of cast or forged
aluminum alloy and is shrunk onto the cylinder barrel.

The shrinking process consists of heating the cylinder head, then
scrcwmg it onto the cylmder barrel. The inside of the cylinder
head is slightly smaller in diameter than is the outside of the
cylinder barrel. Both are threaded. Heating expands the metal of
the cylinder head so that it may be screwed onto the barrel.
When the metal cools, the head shnnks to its original size and

is locked tightly into place. —e-

The valves also are subjected to intense heat and high pres-
sure. They are made of tungsten steel or chromium steel, which
provide strength at hxgh temperatures. The faces of the valves
—that portion which is actually exposed to the heat inside the
cylinder—are coated with a thin layer of stelhtc, which resists
pitting and bummg The intake valve usually is sohd but the
exhaust valve is hollow. The hollow center is filled w1th salt
solution of metallic sodium, which conducts the heat away from
the valve head (Fig. 15).

The pistons are made of £orgcd or cast aluminum. Aluminum is
used for the pistons because it is strong, it has compatible charac-
teristics with the steel of the cylinder barrel, and because alumi-
num pistons are light enough to stop at the end of each stroke

AN

'Smali Stem

HOLLOW HEAD TULIP TYRE .
MUSHROOM TYPE (EXHAUST)  (USUALLY INTAKE)

Figure 13. The vt away drawing of engine valves shows two different types of valves
in use today. The sodium chamber inside the hollow head mushroom valve helps to
get the high heat of the exhaust gases away from the valve head quickly.
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without causing undue stress on the other nechanical parts. Alum-
inum is also a good heat conductor and is therefore easy to cool.
The connecting rods are made of steel and the piston pins,

which connect the connecting rods-‘to- the pxstons, are made of R
tough-nickel steel. 3
The heat on the crankshaft is produced pmmanly by friction,
and not by the action in the cylinder. But the crankshaft is sub- .
jected to the emost violent twisting .movement and must be
made of, very strong material to withstand the forces exerted on )
it. Therefore, the crankshaft is made of chromium steel. The
crankcase is usually made of aluminum in smaller engines and of )
! steel in the larger ones. , "
! v WORDS YO REMEMBER k -
articulating rod ~ four-stroke cycle
augmenter tube general aviation .
bank = | * in-line engine .
cam ring intake stgoke P .
- camshaft intake valve
compression stroke master cylinder
? connecting rod master rod
. cowling .- mechanical system )
crankshaft opposed engme .
cylmder piston
cylinder barrel power stroke
cylinder head radial engine |,
diesel engine ¢ reciprocating engine
exhaust stroke rocker arm
exhaust valve 2 . shrinking
firing order throw
QUESTIONS ¢
1. What are the principal paris of the reciprocating cngine? .
2. Name the five steps in the operation of the four-siroke engine. * -

" 3, Whiat is the function of the cylinder in the reciprocating engine? What is
the purpose of the crankshaft?

4. Destribe the action of a foyrstroke englne, = .
S. Why are diesel engines not used in aircraft?
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6. What is an “inline” engine? What is a “radlal engine? Name some
advantfages of each type. ’ N

7. Name some advantages of the propulsion system:composed of a recipro-
cating engine and Propiﬂer.

8. What gercentage of the heat developed In the chamber is used to drive
the plsisn downward? What happens fo the vemaining heat?

' 9. Describe the advantages and dissdvantsges of air cooling as compared
to liquid cooling. -

10. Whst is meant by the description of a car engine as an “gverhead cam
V-8 engine”?"

THINGS TO DO

. ~

1 Diesel engines were tried experimentally on aircraft in the ecarly 1940s,
but were found unsuitable. Find out if advances in the development of
strong, light-weight metals and improvements in diesel design have revived
the prospects of diesel aircraft engines. Report to the class and explain
your findings, whether positiv;:5 or negative, ’

3

2. Some modern automobiles are equipped with rotary engines, said to
develop about twice the power of a piston engine of the same weight,
Many early aircraft—including the Sopwith Camel of World War I
fame—used rotary engines. Find out what caused this engine to fall
into disuse. Are there any plans to revive the rotary engine for aircraft
power? .

3. Visit your school auto shop. Can you identify the variots parts of the
engine from the discussion in this book and iff class? Can you explain
how they operate?
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Chapter 3

; Other Engine
Systems

-

WHERE CHAPTER 2 considered the mechanical system- of the
reciprocating .%'.ynqime *!;lt chapler ';oniidmcfh-r sngine
systoms, namaly the fuel system, with smphasis on carbure-
tion; tha ignition system; the Jubrication .system; and “the
propelier system. When you finish this chapler, you should
be dblé to; (1) discvas the desirable qualitiss of gasoline
and tell why it ie the ideal fusl for aviation engines; {2)
describs what happem. in the carbyretor, why this function
is-necessary, ond how it oceviiy (3) explain what. happans in
the operation. of -the ignition. systein; (4) explatn the function
of -the Jubticating system; and (§describe the workings and

limitations: of the propeiler..

» \

HE CYLINDERS, pistons, valves, crankshaft, and related
. parts that we have discussed make up only one .section of the,
) engine, the section called the mechanical system. If fact, there are
a number of engine sections which work together to provide power
to move the aircraft. These different sections all must work prop-
erly within themselves and in cooperation with all the other sec-

tions if the total engine is to function well, .
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It is only for convenience in study that we divide the engine
into its different systems. With that fact in mind, in this chapter we
will examine engine sections other than the mechanical system and
the cooling system. These other sections include the fuel system
(including the carburetor), lubrication system, ignition system, and
propeller system; their related parts, and their functions as parts
of the whole engine.

FUELS

The fuels in use in today’s aircraft are the result of extensive
experimentation in search of the best fuel for the most reasonable
price. The most common forms of aircraft fuels are the hydro-
carbons derived from. petroleum.

Hydrocarbon is the descriptive name chemists use for materials
which contain only the chemical clements hydrogen and carbon
in their structure. The principle hydrocarbon fuels used in aircraft
power today are gasoline and refined kerosenc. These fuels, gs
well as diesel fuel, fuel oil, lubricating oils, and other produc 3
all are distilled from petroleum (Fig. 16). i

The gasoline and kerosene used as aviation- fuels offer several
advantages: N

1. They are volatile, They evaporate quickly and can be mixed
easily with air to form a combustible mixture. ‘

2. They have relatively low flash peints. That is, when they

STRAIGHT
RUN GASOLINE

CRUDE
PETROLEWM

KEROSENE

DIESEL FUEL ﬂn!
b

FUELOIL &
LUSRICATING
OiL. STOCKS A

Figure 16. In the fractional distilling process, crude oil Is heated to « moderate

temperature under ncrmal atmospheric pressure. The vapors from the oil are condensed

to liquid compounds. The highly volatile fluids are vaporized first and the fuels with
higher boiling points later.
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are mixed with air they ignite at relatively low temperatures. If
the flash point of a fuel is too high, the result is difficulty in
starting the engine. ’

3. Petroleum-based fuels have low freezing points. This is im-
portant when the aircraft' is operating in the low temperatures
of ‘high-altitude flight. It also comes in handy when the fuel must
be stored in the cold temperatures of the northern regions.

4. They liave a relatively high heat content. This means there
is much potential energy within the fucl which may be converted
to kinetic energy as the fuel burns. Potential energy is .Shat energy
‘which is at rest. Kinetic energy is energy actually at work.

5. The fuels are relatively stable. They can be easily handled
using fairly simple safety precautions, and they will not deteriorate
when stored over long periods of time.

6. They are readily available at relatively reasonable cost.

The petroleum from which gasoline and kerosene are derived,
is found deposited in most regions of the world. Petroleum also
is the source of automobile gasoline and other common fuels. But
the fuels used in aircraft require stricter control in production
than do the “ordinary” fuels used in automobiles. These controls

. are important because a failure in the engine of an aircraft can
be much more serious than a failure n a car engine. A pilot can-
not just pull over to the side of the road and call a mechanic.

Volatitity '

Aircraft fuel must be highly volatile so that the engine will start
. easily. But it must not be too volatile, or trouble can result.
' One result of too much volatility is vapor lock. In this condi-
tion, the gasoline “boils” in the fuel line before it reaches the
carburetor. This boiling causes gas bubbles to form in the fuel
line. The bubbles block or partially block the flow of the liquid
fuel, so that an insufficient .amount of fuel gets through to op-
erate the engine,

Too much volatility also can lead to carburetor icing, We know

. from science that vaporization of a liquid requires heat. The heat

' used for vaporization of aircraft gasoline is taken from the ajr

and from the metal surrounding the fuel. Gasoline of high volatility

extracts this heat very quickly. When too much heat is taken from

the metal parts for vaporization, the remaining cold will cause ice

to form in the carburetor and interfere with its operation. The
carburetor, which will be explained more fully later in this book, 15w

the device which mixes the fuel and air to the proper proportions
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for engine operation. If the carburetor does-not operate as.it should, ‘
b the engine will fail. Various tests are .performed on aircraft fuels to
' insure that they are volatile enough for ecfficient engine opera-
tion but not too volatile for safe operation.
Octane Rating ‘ .

The octane rating of aircraft fuels also is important as a meas-
ure of ability to prevent kmock, the abnormal combustion of fuel
in a cylinder. Ip fact, manufacturers specify the octane rating of .
the fuels which will function best in each engine. The octane
rating is simply a number describing the antiknock performance
of the particular gasoline. A fuel of low antiknock value, used in
a high-performance engine, may cause dangerous consequences.
These include fuel knock, detonation and- pre-ignition.

Fuel knock is the result of uncontrolled burning of the fuel in
the engine’s cylinder. The fuel charge may burn evenly part of
the way across the cylinder, then unevenly across the scmainder
It may damage any of several vital engine parts.

Detonation is similar to fuel knock. It may be described as an
uncontrolled explosion of the fuel in the cylinder, as shown in
figure 17, due to spontaneous combustion. It is severe fuel knock
which creates extreme pressures on the valves, pistons, and the
cylinder head, pressures that are sometimes severe enough to com-
pletely wreck the cylinder and its parts,

Pre-ignition results when the compressed charge in the cylinder
ignites before the electrical charge from the spark plug can jump
the gap bétween the spark plug’s electrodes, or points. This upsets
the timing of the engine and also can cause damage, such as
backfiring or feeding back the flame from the cylinder through
the carburetor. Backfire may also be caused by an excessively
“lean” mixture (which wiil be explained later) that is still burning
when the engine cycle is completed. Pre-ignition, fuel knock,
and detonation may be caused by malfunctions of the mechani- .

. cal part of the engine, but they may also result from the use of
low-grade fuel. That is why the gasoline to be used miust have
the proper octanc rating. '

The octane rating gets its name from one of the hydrocarbons
contained*in the fuel, called iso-octane. Iso-octane has high anti-
knock propétties, while the other common hydrocarbon in fuel,
heptane, has low antiknock properties.

The octane rating_applied to a particular fuel originally indi-
cated the pcrgcs;age of iso-octane contained in the fuel. Because
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DETONATION

EXPLOSION

Figr.c» 17, Under conditions of normal combustion, downward p e on the pist
{s smooth and even. When dstonation occurs, the pressure is sudden and violent.

A

of its high antiknock properties, pure iso-octane was  arbi-
trarily given the number 100 to describe: its antiknock performance.
For cxample, a gasoline rated 65 octane would be a mixture
containing 65 percent iso-octane. But you may have seen fuels
with octane ratings above 100. This is possible, because chemists
discovered that certain other elements blended into fuel with a
high percentage of iso-octane actually could increase the anti-
knock performance of the fuel beyond the level of pure iso-
octane. The most commonly-used of these blending agents are
alkylate, naphtha, and tetra-ethyl lead.

Thus, a fuel with an octane rating of 130 would contain
70 tv 80 percent of iso-octane, plus a quantity of other blend-
ing agents. The octane rating no longer describes merely the
percentage of iso-octanc in the fuel, but is a rating of the fuel's
antiknock petformance. .

Fuels with high octane ratings are used primarily in large en-
gines specmc?lly designed for them. The high antiknock prop-
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erties of this high octane fuel allow higher compression of the
fuel in the cylinder before it is ignited. The higher compression
in turn yields a stronger “explosion” of the fuel charge when it is
ignited, and more power from each cylindt‘:i'.

Now that we know the nature of the aircraft’s fuel, let us sce
how that fuel finds its way into the engine and through the fuel
.System.

THE FUEL SYSTEM

The fuel system is a network. of tanks, lines, gauges, pumps,
strainers, and screens. Its purpose is to deliver a steady flow of
clean fuel under constant pressure. This, delivery must continue
at all operational altitudes of the airplane, and'in all of the piane's
positions, or attitudes, including diving, climbing or even flying
upside down for short periods:.as well as level flight. To be sure
these requirements are met, gravity-feed or mechanical pumping ‘is
employed. .

-

Fuel Feeding

The gravity-feed fuel system, the simplest type uscd, is common
in small planes whose engines have relatively low horsepower.
In this system, the fuel tank is located above,fhe level of the
carburetor inlet. The pressure behind the fuel flowing through
the lines is built up by the weight of the fuel behind it, flowing
from the higher level of the tank to the lower level of the carbure-
tor inlet. .

The gravity-feed fuel system is light-weight, easy to maigtain, and
simple in design and operation. But it is not suited for high-
powered aircraft, nor for extended acrobatic flight, since no fuel
would flow during inverted flight.

The force-feed fuel system: features an engipe-driven pump
vwhich draws_the fuel from the tank and forces it into the carbure-
tor. The use of the pump means that the tanks do not have to
be located above the carburetor but may be placed wherever
there is ample and convenient space. Auxiliary pumps are in-
cluded in the system in the event of main fuel pump failure. In
small aircraft, a hand powered pump, called a wobble pump,
may suffice; but most modern aircraft, lafge and small, are
fitted with electrically-powered auxiliary pumps. The pump ar-

*
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FUBL TANK - e ENGINE DRIVEN
e T

=F 1 T e REssune
A. Vi GAGE

. CARBURETOR

FUEL COCK

STAAINER
/.

Figure 18. Fuel system with the pumps. arrahged in series. The auxiliary pump is used
during stortlng of the engine, during take-off ond landing, during high-alfitude
flight"(above 10,000 ft), and in emergsncy operations.

rangement of a typical fuel system in a small aircraft is shown
in figure 18. 3 .

The force, or pressure, system used in larger planes delivers
the high fuel pressure required by many modern aircraft carbure-
tors. Since the constant supply of fuel is assured, the plane has
more maneuverability.

A series of strainers and screens is included in the fuel system
to assure that water, dirt, anu other foreign matter do not get
through the system. If these elements. were able to go through the
fuel system; dire consequences could result. For instance, water
is heavier than gasoline and settles to the bottom of the tank.
When the aircraft is in flight, the water may get into the fuel
lines, freeze at high altitudes and block off the flow of gasoline
to the engine. A tiny particle of dirt may block off the metering
jet id the carburétor and wholly or partially block the gaso-
line’s flow to the engine. In either case, the engine fails either
partly or comple:tclyr To be sure that these impurities are not
pfesent in the fuel system, the ground crew Wus/uglly checks the
strainers, screens, and traps for accumulated Water and dirt im-
mgdiately after refueling the aircraft.

N

Once the gasoline has been filteied, screened, and otherwise
purified, it is ready. for its final preparation before it can go to
work in the engine: it must be mixed with air. This step, called
carhuretion, is necessary because gasoline in its liquid form burns

%

- -Carburetion
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too slowly for good engine performance. Mixed with air, how-
ever, gasoline is the most satisfactory fuel yet discovered for use
in. reciprocating engines. Several times in this book we have
mentioned the device that mixes the air and gasoline to. the proper
proportions for slow, even, complete burning. It is, of course, the
carburetor. ’

The carburetor must be capable of measuring the gasoline and
air mixture to the right proportions for the best operation of the
engine. The ideal mix is considered to be about 15 parts of air
10 one part of gasoline. These proportions are decided by weight,
not by volume, because volume varies with changes in tempera-
ture and altitude effects on the density of air (Fig. 19). Thus, the
ideal’ fuel mixture would be about 15 pounds of air to one pound
of gasoline. A mixture with a higher ratio of air is called a lean
mixture, while a mixture with a lower ratio of air is said to be
rich. :

Gasoline will burn in a cylinder when it is mixed with air in a

1
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Figure 19. Air expands with altitude. At higher altitudes greater volumes of air are
nveded to supply the.amount of air (by waight)-that occupies a lessar space at lowsr
. altitudes.

1
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ratio of between 8:1 and 18:1, that is, when the mixture contains
between 8 and 18 parts of air, by weight, to 1 part of gasoline.
Generally spcakihg, the 15:1 ratio is nearly ideal for the best
power production. One interesting difference in the aircraft en-
gine’s carburetor and the carburetor in an automobile engine is
this: the pilot may change the mixture control settings of his
carburetor while the .aircraft is in flight, while the automobile
driver has no such controls available on his dashboard. A rich
fuel/air mixture is used at high and low aircraft speeds, whils a
slightly lean mixture is more efficient at medium, or cruising,
speeds. :

An overly rich mixture may result in the engine’s running
“rough.” An overly lean mixture causes loss of power and miay
result in overheating in the engine. This overheating may cause
detonation in the cylinder or backfiring through the carburetor.

A backfire may occur if the fuel mixture in the cylinder is still
burning when the intake valve opens to begin the next power cycle.
The burning fuel ignites the fuel in the intake manifold outside
the cylinder and chain reaction feeds the fire back into the carbure-
tor. Severe damage can result from this occurrence.

The carburetor must be designed and controlled so that it mixes
the proper amount of gasoline with a given amount of air. More-
over, thie carburetor of a modern airplane must operate well in a
variety of situations. It must be capable of changing automatically
to accommodate dilferent engine speeds and altitudes.

These requirements have brought about increasing sophistica-
tion so that modern, high-performance carburetors have become
quite complex. In this section, we will explore the basic workings
of the carburetor and look at some of the devices developed to
insure its constant, efficient operation, ‘

The carburetor makes use of Bernoulli’s principle, which states
that as_the velocity of a fluid at a givag point increases, the
atmospheric pressure at that point decreases, andof the venturi
tube, which puts Bernoulli’s principle to work (Fig. 20).

Carburetor QOperation ‘

Thtre are two types of carburetor. They are the float carbure-
tor, whic¢h is depcadent on atmospheric pressure for its successful
operation; and the pressure injection carburetor, which uses pres-
sure developed by a pump instead of that supplied by the atmos-
phere.

The simplest kind of carburetor is the float type;. used on small
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.

VENTURL!
FLOAT CHAMBER DISCHARGE

Figure 20. When the alr flow speeds up to get through the carburetor’s venturl {some-
times called a choke tube), pressure drops in the venturi, ollowing fuel to bo pushed
through the discharge jot.

planes, It serves well to illustrate the basic operation of all carbure-
tors. The float carburetor consists essentially of (1) a float chamber,
(2) a main metering jet, (3) a discharge tube and nozzle, (4) a
carburetor barrel, and (5) a throttle valve (Fig. 21).

The fuel is fed from the tanks into the floxt chamber, a
reservoir used to insure a constant level of fuel within the carbure-
tor. The float is connected to a needle valve and operates similarly

INTAXE MANIFOLD

PRESSURE RELIEF VALVE
THROTTLE YALVE

CARBURETOR
INTAKE VALVE BARREL
10LING JET

OiSCHARGE NOZZLE

AR INTAKE

Figure 21. Outlined section shows how the carburetor works In connaction with lho
other engine parts to feed fusl 10 the cylinder through the intake valve opaning.
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to the float system in the tank of modern bathroom plumbing,
As the fuel level in the chamber drops, the float drops with it,
allowing the needle valve to open. When that valve opens, more
fuel enters the chamber, the float rises again and the valve closes.
The fuel moves out of the float chamber through the metering
fet, which measures it into the discharge tube. The discharge tube
nozzle atomizes the gasoline—that is, breaks it up into a fine spray
—as it dispenses the fuel into the carburetor barrel. The carburetor
barrel, shown in figure 22, is an air chamber ‘built in the shape of a
venturi. That is, it is constricted to increase the velocity of the air
flowing through it. As the velocity increases, the air pressure drops,
creating an area of lower pressure and a suction effect which forces
the atomized gasoline spray out of the discharge tube. The throttle

THROTTLE
VALVE

MAIN
DISCHARGING
NOZZLE

“TTO FLOAT CHAMBER MAIN METERING JET

Figure 22. The throttle valve regulotes the opening in the carburetor barrel in
respanse to the pilet's movement of his throttle controls. The air blesd helps the fuet

to flow {raely out.the discharge noxale. .
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valve, “set in thc carburctor barrcl downstream of the venturi,
regulates the air flow through the carburetor. It is opened or closed
by controls operated by the pilot.

Figure 21 shows what happcns outside the cylmdcr when the
pilot starts his aircraft’s engine. When the engine starts, the throt-
tle valve, opens and the carburetor goes into action. Thc piston
goes downward in the cylinder on its intake stroke, creating an
area of lower pressure. above it. The intake valve above the pis-
ton open$ into the intake manifold, which is the pipe that sup-
plies all the cylinders with the fuel mixture prepared in the
carburetor. When the intake valve opens, air is pushed through
the carburetor toward the cylinder. As the air rushes past the dis-
charge nozzle and throygh the venturi, Bernoulli's principle goes to
work and thé pressure around the nozzle drops.

The pressure on the top of the discharge nozzle becomes Ioss
than the pressure on the gasoline in the float chamber. This
pressure dlffcrcnua;l forces atomized gasoline into the airstream
of the carburetor barrel, through the intake manifold, through
the intake valve pi)rt and into the 'cylinder. As the intake valve
closes in the next step of thé cylinder’s operation (compression),
the air/gasoline mixture continues to come through UC.e intake
manifold and goes into the other cylinders.

As the pilot opens his throttle control to increase engine speed,
the throttle valve also opens. This allows more air to flow through
the venturi; the pressure on the discharge nozzle drops more;
and more gasoline is forced into the carburctor barrel. As the
throttle is closed, the reverse takes place.‘The air strcam is parti-
ally blocked by the throttle valve, the pressure rises on the dis-
charge nozzle, reducing the gasoline flow, and the engine siows.

When the throttle is in ‘the idle position, the throttle valve is
Llosed as far as it will go. But the valve does not quite close off
all of the air traveling, through the carburetor barrel. A small
amount of air is able to pass the throttle valve along the walls
of the carburetor barrel. When the engine is at idle, the fuel
supply does not come out through thc discharge nozzle, “but
through a smaller opening above the nozzle, called an idling jet,
shown in figure 21.

Carhuretor Accessories

There are a number of devices which, while not essential to the
operation of the carburetor, improve performance to such an ex-
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tent that they are considered vital in modern aircraft. Some of
the most important of thése devices are thc economizer, the ace
celerating system, the carburetor heater, and the supercharger.

THe EcoNoMizer.—This device, sometimes called the power
enrichment systcm, is designed to supply additional fuel to th:
carburetor barrel during high-speed engine operation. It is called
an cconpomizer because it allows the use of smaller mnain disctarge .
jets duting normal engine speeds, but increases jet capacity (by

. adding its own to the total in use) during high-power periods.
A typical economizer is shown in figure 23. '
. Not only does the economizer’s extra fuel provide added powcr
to the engme by enriclling the frel/air mix, it also helps to cool
the engine by provndmg more vaporization at high power settings.
As we have learned in our science courses, vaporization is a cool-
ing Process.

ACCELERATING SysTEMs.—Most modern carburstors are equipped
with an accelerating system designed to overcome the pwblem of
temporary lean mixtures which occur when the throtue is suddenly
thrown opet. Normally, due to inertiz (the tendency of bodies at
rest to remain at rest; see Newton's first law), the fuel sazply would
reqmre a short time to catch up with the increased unt ¢f air
flowing through the carburetor on sudden acceleration. The ac-
celerating system, such as that shown. in figure 24, overcomes that

THOTTLE VALVE  °

LPPER PISTON
ALR HOLES
(UKCOVERED)

ECONOIZER DISCATGE
HOZILE,

maa et 4 :
. " PART THROTTLE . ; [ mmm:

Figure 23, Operatien of the giston type cconomizer system. Econcmizers coms in several
typas, but all of them respond to the pressurs. differential produced when the throttle
is spaned.
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ACCELERATING
SYSTEM

Figure 24. When the throttle Is .suddenly thrown open, the piston In the accelerating
system pushes out extra fuel into tho discharge stream to prevent “lecning” of the
fuel/air mixture.

problem. It works either from a well or a pump. When the throttle
valve suddenly opens, the accelerating system responds immedi-
ately by pushing more fuel through the discharge nozzle.

HEATER—As we have seen, carburetor icing can be a“serious

problem. Icing can occur even on a warm day, because the tem-
perature inside the carburetor drops dramatically during the va-
porization process. To prevent icing, most carburetors are fitted
with heating devices which typically transmit heat from the cylinders
in the engine to the air in the carburetor. The heaters must be
controlled, however, because too much heat will cause the fuel-
air charge to expand and lose some of its power.

SUPERCHARGERS.—On larger aircraft, more fuel is needed to meet
the greater demand for power. To increase the power output of
the engine, the fuel/air charge is compressed by the supercharger,
as shown in figure 25. N

The function of the supercharger is to increase the amount of
fuel in each charge fed into the cylinder. The superchargers are
small, high-sneed fans which increasc the amount of air drawn
into the engine; compress the charge, so that a charge of a
given size, or volume, will have more air and more fuel in it, and
force the compressed charge into the intake manifold.
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The supercharger forces more air through the carburetor, and
the carburetor reacts by measuring in enough gasoline to keep the
charge in its proper ratio. Since more air and fuel are available
for burning in each combustion stroke of the piston, more power is
obtained. The action of the supercharger also increases the pres-
sure in the intake manifold, which then supplies all the cylinders
with equal charges under equal pressure. High pressure in the in-
take manifold means smoother operation and more power from
the engine asa whole.

The supercharger may be external or internal. The internal
fan, or impeller, is located between the carburetor and the intake
manifold. It operates through a gear connection with the crank-
shaft. The external fan is located between the carburetor and
the free air outside, and makes use of the exhaust gases for its
operation. The gases escaping th,;nfngine’s cylinders on the ex-
haust strokes are directed throughMbuckets of a turbine whegl,

connected to the supercharger fan. Since the turbine principle is

used in operating the external fan, it is called the turbosuper.
charger. Supercharger Systems with the external fan usually are
also equipped with the internal fan, as in figure 25.

The supercharger system is not only helpful, but actually essen-
tial for the operation of aircraft at very high altitudes. This is true
because the air at high altitudes is thinner—it has less weight in the
same volume—than air at sea level. And the carburetor, remem-

)
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* Figure 25. The superchorger’s system externo! fan compresses intoke air before it
reaches the corburetar, ond the fuel impoller further compresses the air mixture befare
it anters the intoke monifold. The stronger charge msons extro power in the engine.
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ber, is metered to considerations of weight, not of volume. The
supercharger pulls in a greater volume of air in order to force
through the carburetor enough air poundage to’operate the en-
gine. )

The external fan, then—the turbosupercharger—pulls in air from
outside and pushes it through the carburetor. The internal fan
pulls air and gasoline out of the carburetor and pushes it into the
intake manifold. Thus, the supercharger system delivers literally
a “super” charge of fuel/air mixture to the cylinders.

Other Carburetor Types

The carburetor we have discussed is called the updraft float
type. By updraft is meant that the air is drawn in from the out-
side and upwards through the carburetor veturi. There are car-

. buretors which reverse this arrangement and pull the air down-
ward through the venturi. They are called, appropriately,
"downdrafi carburctors. ‘

DOWNDRAFT FLOAT CARBURETOR—The downdraft float type
carburetor operates on much the same principle as does its up-
draft brother, but the arrangement of the parts is a little dif-
ferent, as we can see in figure 26. The main discharge nozzle

& AIR INTAKE

ECONOMIZER VALVE y
MAIN DISCHARGE
FUEL LEVEL N ’ NOZZLE

MAIN AR BLEED

B 1DLING JET

FUEL INLET MAIN METERING JET

THROTTLE VA&VE

Figure 26, The downdroft carburetor Is essanticlly the some as the updraft carburetor,
except thot the air Intake s of the top instead of the bottom, and the air flows
downward instead of upward through tha carburstor barrel.
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«AUTO, MIXTURE CONIROL

~—PRESSURE REGULATOR—; VAPOR  ELIMINATOR
z UNIT ]

*

"POPPET VALVE
DLE NEEDLE

.

4 .
CONOMIZER NEEDLE

. ’
TO SUPERCHARGER

%’iewme PUMP

f .

fUEL DISCHARGE NOZZLE

. i

Figure 27. The pressure fnfection carburetor uses a s 3tem of diaphragms in the
measurement of fuel. The diaphragms respond to the air flow and-to the force of
the fuel, which Is pumpad into ths carburelor under pressure. The preszure regulatings
unit of this carburetor Includes the olr ssction and the fuel secticn of the metering
system, :

is in the venturi, but it protrudes fZem the side instead of being
in the middle. The idling jet is below the discharge nozzle. Air
- is vented into the float chamber, providing enough pressure to

forc:el the fuel up through the nozzle and into the carburetor
barrel. )

PRESSURE INJECTION CARBURETORS.—The large piston-powered
aircraft employ the pressure injection type carburetor, such as is
shown in figure 27. X .

The pressure injection carburetor makes use of a pump to
deliver fuel under pressure to' nozzles in the carburetor barrel
at a point just before tlic entrance to the internal fan (im-
peller). The fuel, under pressure, is atomized into the rushing
air, which results in smooth, economical operation, the elimina-
tion of icing in the throttle valve, and protection against vapor
lock due to the fuel’s boiling in the lines.

The pressure injection carburetor is entirely closed, which means
that it will opefate normally during all types of aircraft mancuvers.
An automatic mixture control meters the fuel at all operating alti-
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tudes and at all operating load levels, Its job is to retain thc/
proper air-to-fuel ratio, desplte changes in the densnty of the air.

The metermg is done in response to venturi air suction and
changes in air pressure. 2

The pressure regulator unit of this carburetor consists of an air
section and a fuel section, each of which is dmded into two
chambers with a dnaphrdgm between.

A poppet valve, operated by the movement of the diaphragms,
connects the two sections. The poppet valve opens and closes an
orifice (opening) through which fuel is pumped from the aircraft’s
fuel system into the fuel chamber of the carburetor. Thus, all
parts of the carburetor move as a unit.

The operation of the .pressure injection carburetor is as follows:

Air is fed through the automatic mixture cont\rol in proportion
o the air flowmg through the carburetor venturi. The mixturé con-
trol passes the air to the air chambers in the regulator unit, A pres-
sure differential is formed between the two chambers of the air
section. The, diaphragm moves, actnvatmg the poppet valve in the
fuel section. As the valve opens, fuel is pumped, under pressure,
through the opening and into the fuel chamber of the regulator
unit. This causes a pressure differential between the two chambers
of the fuel section and activates the second diaphragm. The action
of the diaphragm pushes the poppet valve back the other way,
cIoSmg off the opening to the fuel supply. The fuel, still under pres-
sure, passes-from the fuel section of the regulator unit down to the
fuel nozzle, through which it is sprayed into the carburetor barrel.

As you can see, the rate at which the fuel is delivered into the
airflow is controlled jointly by the position of the throttle valve and
by the temperature and pressure of the air, acting through the
automatic mixture control.

In the pressure injection carburetor, the économizer, 1dlmg sys-

tem, and accelerator system are controlled by pressure in the fuel
chamber section and venturi air pregsure.

FUEL INJECTION SYSTEMS
Some aircraft use a fuel injectioqggystem to perform the functions
of the carburetor. Under this syste™ metered portions of fuel are
sprayed &ither directly into the cylinder or into the intake manifold
at a point just outside the cylinder’s intake valve. The two most

common types of fuel injéction systems are the mass air flow type
and the intake metering type.
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Mass Air Flow System

" The mass air ﬂow fuel injection system is used on ]arge aircraft
and is so named because the fuel delivery is controlled by the
engine’s demand for quan e}] ies of air at a given time. It consists
of a master control unit, m}ect:on pump, and cylinder head dis-
charge nozzles. The arrangeméqt of these parts and the way they
work together is shown in figure 28.

MASTER CoNTROL.—The master control unit of this system op-
erates in a similar manner to the pressure injection carburetor,
except that the metered fuel is delivered to the injection pump
instead of to the single discharge noz.e. The master control is
located just.ahecad of the internal supercharger (the unpcller),
in the same place the carburetor would normally be. Its job is

The fuel control
wit wheh meters
T gasolne to the
njection pump

The wischorge nortie
One such nortle

is previded in eoch .
engine cylnder »

S m;e 1on pump laru: on equol
chorge 10 eoch engin€ cylinder

b i s

ERIC

Figure 28. The mass air flow fuel infoction system shown hare features direct discharge

of the ‘fue! into the cylinder through the nozzle bullt into tha cylinder hsad. The fuel

measurement is controlled by o fuel control unit similar in operation to that of the

pressure injection carburetor. fnstead of delivering the fusl charge to the carburetor

barrel, this systeth sends it to an injection pump, which divides the charge and
distributes it to individuai cylinders.
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to measure the air flow and send the correct amounts of fuel
\to the injection pump.

INJECTION Pump.~—The injection. pump divides the fuel it gets
from the master control and sends equal parts of fuel to the in-
dividual discharge nozzles at high pressure.

DiscHARCE NozzrLe.—The fuel discharge nozzles are screwed
into the heads of each individual cylinder. Each nozzle has a valve
set to open at a given pressure; when that pressure point is reached,
the valve opens and the nozzle sprays atomized fuel into the
cylinder. This discharge is timed to occur dunng the early part
of the intake stroke.

As can be seen in figure 28, the cylinder is much the same
under this fuel injection system as with carburetion, but the intake
valve furnishes air unmixed _with fuel, and the fuel is added di-
rectly to the combustion chamber. The exhaust valve's function
and the four-stroke cycle are no different than in engines with
carburetors. In the intake metering system, the cylinders are no dif-
ferent than in engines fitted with carburetors.

Intake Metering System

The iniake metering system, used' on small aircraft engines,
consists primarily of a fuel metering and pumping section, an air
metering throttle valve, and discharge nozzles for each cylinder,
as shown in figure 29.

¥

Fuel in the fuel pump section is under pressure from a pump
operated by a connection with the engine crankshaft. To get into
the lines leading to the discharge rozzle, the fuel must pass
through a metering valve and a groove in a fuel distributing
plunger, as seen in _figure 29. The opening groove and the
valve must come into alignment before the fuel can flow, or in-
crease; and the alignment is controlled by a mechanical connec-
tion to/the throttle valve.

a mechanical connection turns the fuel valve and the plunger
so that the valve openipg and the plunger groove come into align-
ment. The fuel, under pressure, rushes through the fuel lines to
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Figute 29, The intake metering system of fuel injection 13 used on smaller aircraft

engines. It Indudes a mechanical linkage between the air metering throitle section and

the fuel metaring section and pump. Injection of the fuel charge occurs in the intake
manifeld fust above the cylindar’s intake valve, and not Inta the cylinder itielf.

the discharge nozzle. Fuel pressure opens the discharge nozzle
valve, spraying the atomized fuel into the airstream directly above
and aimed into the cylinder’s intake valve (not shown in figure
29).

Advantages and Problems ‘
The fuel injection system offers several advantages over the car-
buretor system. It completely eliminates icing hazards and, with

<
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fewer moving parts, is easier to maintain in good order. It also
reduces fire hazards, functions well at any aircraft attitude, and
improves engine -efficiency,

The fiel injection system becomes quite complicated, however, .
when used in reciprocating engines with many cylinders. A major
problem is the design and the synchronization of the spraying ac-
tion with the intake cycles of all the engine’s cylinders.

The fuel injection system is well fitted to jet engmc operation,
as we presently will see.

.
<

IGNITION SYSTEM

We have seen how the fuel travels from the tanks, through
the carburetor or injection system, into the manifold, and from
there to the cylinder. But before the fucl/air mixture in the
cylinder—the engine’s combustion chamber-—can supply the air-

the driving force of an engine comes from tRe expansion of gases
as the fue] mixture burns.

The ignition of the fuel in the cylinder is brought about through
the use of electricity. The fuel is set off by an electrical spark from
the spark plug, and the -origin of that spark is the magneto.

The magneto is a ‘sye -of electricity maker, or generator, that
works by whirling a set of magnets around between two poles. To
understand why this produces electricity, it will help us to review
some facts about both magnetism and electricity.

-

Magnetism and Electricity

The forces of magnetism and electricity have several things in
common. One of thesc things is that we do .not know exactly
what either of them is. Notwithstanding that, we do know that
one can cause the other; we know that they share certain prop-
erties; and we know how to put them both to good use.

ELECTRICITY.—We know from science that all matter s composed
of molecules, all molecules are made up of atoms, and all atoms .
are composed of protons, neutrons, and electrons. The atom
(Fig. 30) is arranged like a small planetary system, with the nu-
cleus of protons and neutrons in the center and the electrons

\
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Figure 30, The atom is a miniature planstary system. Its nucleus is made up of pretons
and (in oll elemehts except hydrogen) nautrons. Elsctrons orbit this nucleus.

whirring in high-speed orbit. The protons have a postive charge;
the neutrons have neither positive nor negative charge; the eclec-
trons have a negative charge. Whatever the substance, its elec-
trons are like the electrons of cvery other substance in every

way: they are the same size, the same weight, and they have the
negative charge.

When a substance becomes unbalanced in its proton/electron
count—when there are more electrons.than protons, or more pro-
tons than electrons—then the atom will show electrical properties, *
This is the conditién known as jonization. The substance with a
deficiency of electroris (that is, with an overbalance of protons)
will show a positive electrical charge. A substance with an over-
balance of electrons wiil be ne atively charged. Unlike electrical )
charges attract each other, while like charges repel. /

An electric current results from the continuous movement of Y.
clectrons along or through a conductor substance which is part
of a closed circuit. Every conductor of electricity has an abund-
ance of free electrons that can be made to flow from atom ¢
atom along a line by the application to the circuit of an outsiﬁfg
force, called an electromotive force. The strength of the electro-
motive force is expressed in volts or voltage. Two ways to apply
an clectromotive force are by chemical action, as with a storage
battery; and by electromagnetic induction, the moving -of con-
ductors through a magnetic field. What causes the current to flow
is the pressure of clectrons trying to move from points with sur-
plus electrons to points deficient in them.

*Because copper and soft fron can be made to assume these properties easily, they are
widely used as conductors of electriclty.
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An elc:ctrica‘Ib current may be direct, in which case it will move
through the circuit in the same direction all the time, usually
with the same, or virtually the same, intensity. Or it may be a
pulsating direct current, which is a direct current that varies
regularly in intensity. Or it may be an alternating current, which
changes its direction of flow at regular intervals. Alternating cur-
rent is the kind found in most home electrical systems, and it is

the kind of current produced by an aircraft engine’s ‘magueto.

MAGNETISM.—Magnetism is a natural form of energy closely
associated with electricity but not the same. Magnets occur naturally
in stone-like substances called magnetite, which is iron oxide. They
may be produced artificially in pieces of hardened stecl. Or they
may be produced through the use .of electricity in electromag-
nets. Whatever the.case, every magnet has two points, called poles,
where the magnetic effect is concentrated. A freely suspended
magnet will attempt to align itself in a north-south direction. One
of its poles will always seek to point north, the other south;
and so they are known as the north pole of the magnet (N)
and the south pole of the maguet (S), according to the direction
they seck. Like the positiv°c and negative electrical charges, the
like poles of magnets (N and N or S and S) repel each other
and the unlike poles attract,

The force of magnetic attraction or repulsion acts in definite
lines, called lines of magnetic flux. The positions of these lines of
flux may be found by sprinkling iron filings on a paper beneath
which is a magnet. The filings arrange themselves along the mag-
netic lines of flux (Fig. 31). These lines of flux occur all through
the space surrounding the magnet, and the space they occupy
is called the magnetic field. We assume that lines of force pass
out from the north pole of the magnet, make a circuit through
whatever surrounds the magnet, and reenter through the south
pole. Every linc of flux must form a complete magnetic circuit,
most of which occurs within the magnet itself. We can control
the circuit to a degrec by manipulating the space through which
the lines of flux flow outside the magnet, as in figure 32, when
we bend a bar magnet into the shape of a horseshoe. The smaller
gap between the magnet's poles increases the strength of the mag-
netic force in that space.
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Figure 31, [ron filings Sprinkled on paper held over o mogne? will olign themsslves
- to the shops of the mognsetic field.

ELECTROMAGNET!SM.—Electricily can be used to make magnetism,
and vice versa. Sending an electrical current through a conductor
produces a magnetic ficld around the conductor. More important
to this discussion, moving a conductor of electricity through a mag-
netic field—cutting the magnetic lines of flux with the conductor—e
causes an electrical current to flow. through the conductor. This
phenomenon is known as electromagnetic induction, and is the
key to our ignition system.

Electromagnetic induction, therefore, depends on two factors:
magnets, which supply the lines of flux (magnetic ficld) to be cut;
and an electrical conductor, Current may_be induced in the con-
ductor by moving either the magnets or the conductor in. such
a manner that the lines of flux are intersected, or cut (see figure
33). It is important to know that the current will flow only as
long as that movement continues. When the motion stops, elec-
tromagnetic induction ends.

The intensity of the induced current (its voltage) can be in-
creased by increasing the rate at which the lines of flux are cut
by the- conductor, One way to do this is to increase the speed
at which the magnet moves, which in effect multiplies the number
of available lines of flux. Another way to increase voltage is to

b
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wind the conductor into a coil, which has the effect of multiply-
ing the number of conductors; and thereby cutting the lines of
flux more often in a given time. A second ceil, wound concentric
with the first one, can further increase the nuinber of cuts and
intensify the electrical current. o0 g

The Magueto
The magneto is an electric generator which makes, use of the .
principles of electromagnetic induction. The most commonly-used
magneto in today's aircraft is the moving-magnet type shown in
figure 34. ) p

It produces electrical current by rotating a set of magnets be-
tween two metal pole shoes. The pole shoes are joined together
by a core, which is wound with two sets of wire coils to increase
the voltage of the current. An important point to remembgr is
that no electric current is induced in the coils unless the magnets,
are moving.

The rotating magnet part of the magneto muy consist of four,
six, or eight magnets, arranged in a circular pattera on one end

—— e o o . -
e e e ey % bl
T

Figure 32. Beading a bar magnet into horseshos shaps makes the magnet stronger by
concentrating the lines of flux.
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Figure 33. Current can be induced in o cenductor by cousing it to cut the magnat's fines
of flux. Motian is required to induce the current, .either by the magnet ar by the
canductar. . FEEIN

of a bar. The other end of the bar connects to the engine'’s
crankshaft through a géar arrangement. The turning of the crank-
shaft turns the magnets. The purpose of the pole shoes and the
core which connects them is to collect and direct the magnetic
lines of flux of the whirling magnets (Fig. 34). The shoes and
core are made of soft metal, which is a better magnetic conduc-
tor than is air. Since the lines of flun always flow along the path
of least resistance, they flow through the shoes and core.

As the magnets turn between the shoes, the magnetic flux runs
through the shocs and core. Around the core are wound two
sets of coils, the primary and the secondary coils. The coils are
made of a material which is an even better conductor than the
metal of the core. Because of this, the current drains off the core
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and through “the primary coil, which is directly attached to the
' : COl‘e. ’ ‘ - ”

The primary coil transfers the current to the secondary coil,
which multiplies the current’s voltage. The amount of voltage
_induced in the coils depends in great part on the number of
‘turns of wire in the coil. For instance, & primary coil of 50 turns
of wire may produce 12 volts., The secondary coil of 500 turns
of wire will then produce 120 volts. (The primary coil always
has comparatively few turns while the secondary coil has many.)
Since the magneto produces about 22,000 volts—the voltage
necessary to fire the spark plugs at the proper time—you can
see that the secondary ceil will consist of many thousands of turns
of wire, . ‘

The current in the secondary coil cannot build up unless the
curtent in the primary coil is either increasing or decreasing. The
faster this increase or decrease takes place, the stronger the volt-

NPrimary Coil “

ROTATING MAGNET

~

Figure 34. Tha movable mognets in the magneto spin between the ends of the
conductor {poles and core), cutting many lines of flux and inducing an .electricol
eurrent in the primary ccil. The current Is intensified in the secondary coil until it is
strong enough ta fire the spark plug and ignite the fuel, air charge in thy cylinder,
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Figure 35. The condenior absorbs the self-induction (“Inertla’) current and prevents
uildesirable arcing when the brecker points open. It then discharges thot current back
to’the primary coil, helping accomplish flow reversal.

age will be in the secondary coil. For this reason, an instantane-
ous collapse of the current in the primary coil is desirable. An auto-

" matic switch deyice, called a breaker point, brings this collapse

about. At the moment when the current in the primary coil is

. greatest, the breaker point opens and the current stops immedi-

ately (Fig. 35).
But every electrical current resists any change in its intensity—

whether increase or decrease. This resistance, known as self-
induction, is similar to the inertia effect in a solid object.

Self-induction prevents the current from building up quickly and
from collapsing instantly. When the breaker points open, self-
induction will cause an electrical arc to jump between the points.
If left unchecked, this arcing could cause burning and pitting of
the points. To correct this situation, a condenser is used.

A condenser is an electrical device which can store electrical

energy for later discharge;“As we can see in figure 35, the con-

denser is connected in a parallel circuit with the breaker points
and it intercepts the electrical arc accomplishing the instant col-
lJapse. The condenser stores the intercepted charge momentarily,
then discharges it back into the primary coil. This reverses the
flow of current and helps with rapid bunldup of the current in
the primary coil. .

From the secondary coil, the current goes into the distributor;
from there to a harness of cables, and from the cables to the spark

plugs (Fig. 36).
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Figure 36. The electricol curcent goes from the magneto coll to the disteibutor, and

from the distributor through the ccntoct points to the spark plugs in the eylinders. As

noted earlier, the cylinders do not fire in straight numerico) sequence. The firing order

of the cylinders Is caleulated to provide the smoathest flow of power from the pistons
to the crankshaft.
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The distributor is the device which passes out the electrical cur-
rent to the spark plugs in the proper firing sequence. This is done
through a revolving contact point which passes over a series of
stationary contact points. There is one stationary contact point for,
each engine cylinder. As the revolving point passes over the sta-
tionary point, it extends the electrical circuit and feeds current into
the spark plug.

The spark plug (Fig. 37) is a high tension. conductor which
feeds the electrical current into the cylinder. On its bottom end,
the plug has two electrodes separated by a gap. The electrical
impulse jumps the gap between the two points when the voltage
mounts high enough to break down the resistance of the gases .in
the air in the gap. When the spark jumps, the fuel mixture ig-
nites. :

NYLCON WASKER

1y

CERAMIC SHIELDING
" BARREL INS ULATOR

TERMINAL CONTACT

CEMENT ’
SPRING

= RESISTOR

BRASS CAP

ASBESTOS WASHER
GLASS SEAL

CORPPER SLEEVE

CENTRAL ELECTRODE

CERAMIC INSULATCR
SHELL
GROUND ELECTRODE

Figure 37. The spark plug must be carefully built to stand up under the stresses it is
subjected to. Its Job is to fesd the electrical current to the cylinder. The fuel/air
charge is ignited when the electrical spark jumps from the central slecirode to the

ground electrodes.
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PROFULSION SYSTEMS FOR AIRCRAFT
All aircraft in use today that are powered by reciprocating en-
gines have double ignition systems. Both systems connect to all the

cylinders to produce faster and more efficient burning of the fuel.
The double ignition system: also is a safety factor.

Starting Systems

We have seen that. the magneto furnishes the spark; the spark
ignites the fuel; expanding gases from the burning fuel push down
the piston; the piston turns the crankshaft; and the crankshaft
turns the magneto (in addition to its other duties) to keep the
electrical current flowing,

But we must have some way to start the whole process before
the engine can take over its own operation. :

Most modern aircraft are equipped with small electric motors
which operate the starting mechanism. The electric motors take
their power from batteries cr from gasoline-powered generators
called stariing units, The mechanical energy of the electric motor
can be applied either directly or indirectly. .

In the indirect application—called inertia starting—the electric
motor turns a flywheel, which builds up speed enough to activate
the clutch. The clutch engages the crankshaft and starts it turning,
and the crankshaft then operates the magneto. This system is used
on small engines.

Direct electrical starting is most widely used, however. This sys-
tem makes use of an electromagnet, called a solenoid. Electric
current from the battery activates the solenoid, which directs cur-
rent through a booster coil. The booster coll increases the electric
voltage and provides a shower of sparks to the spark plugs until
the magneto begins to operate. The solenoid-booster coil system
is made of very tough material so that it can withstand, for the
brief periods of time necessary, the strong current required to
start the engine. v

The pilot can stop the engine by means of the ignition switch.
The switch is conngcted to the magneto across the breaker points.
When the switch is turned to the “off” position, the current goes
to ground rather to the breaker points. .This stops the current
variations in the primary and secondary coils, and thus stops the
ignition process.
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THE LUBRICATION SYSTEM

The cngi.nc systems we have discussed so far .ar,c all directly

'concernqd with supplying power. The fuel system delivers fuel to

the carburetor; the carburétor mixes it with air and pasges it to
the cylinder; there, the ignition system sparks the fuel, releasing
its energy; the mechanical system converts that energy into useful
work—turning the propeller.

But one essentjal system is not directly concerned with produc-
ing power, and that is the lubrication system. The lubrication sys-
tem’s job is to control heat so that the engine parts are allowed to
move freely. In a way, the lubrication system and the cooling
system are complementary—they are both concerned with heat
control—but the emphasis of the systems is differsnt. Whereas
the cooling system is concerned with the overabundance of
heat energy produced by the burning fuel in the cylinder, the
lubrication system is most concerned with another kind of heat,
that produced by friction.

The main purpose of the lubricating system is to prevent metal-
to-metal contact between the moving parts of the engine. If this
contact were permitted, the result would be excessive heat, pro-
duced by friction. The friction heat would cause the parts to ex-
pand, bringing about loss of power, rapid weat on the metal,
surfaces, and perhaps even temperatures high enough to melt the,
parts. Speaking in medical terms, if the engine were a person and
the friction heat a disease, oil from the lubricating system would
be preventive medicine—medicine which stops the disease before
it develops.

The oil also has other functionc. It provides a seal between the
piston and the wall of the’ cylinder, which halts any gases that
might otherwise escape past the piston and into the crankease.
Figure 38 shows how the piston is constructed to help. accom-
plish this job. The oil prevents corrosion. It helps to cool the en-
gine. And it is the fluid that operates the many hydraulic de-
vices in the modern aircraft.

But the prevention of excessive friction heat is the most impor-
tant job of the lubrication system. This is done simply by putting
a thin layer of oil between the moving metal parts. When this
layer is in place, the high friction that would result from metal-to-
metal contact is replaced by low friction in the oil film.
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lubricont supplied to the cylinder wolls ond keep excess oil out of the combustion

chombar. Oil flows to the cylinder woll through o hole In the oll control ring, ond
the wiper ring scropes the excess oway.

Oll Properties

The oil must be heavy enough that it will not be squeezed
out from between the metal parts and light enough that it will not
give too much resistance to the :movement of the metal parts.

Lubricating oil, like gasoline, is composed of hydrocarbons and
is refined from petroleum In fact, the oil is taken from the part of

the petroleum that js left over aftcr the gasoline and kerosene are
distilled aut.

Engine manufacturers list certain specifications for the oil used
to lubricate their engines. These specnfk dtions include information
on viscosity, flash point, pour point, and other factors.* -

Viscosity is the relative heaviness of the oil and is used as the
measure of the oil's ability to be pum \d through the engine at
certain temperatures. A heavy-bodied oil is said to have high vis-
cosity, while a light-weight oil is said to have low viscosity.

The flash point is the temperature at which the oil will give off

ot should not be assumed that automotive motot olls un\bc used a3 aviation oils. Aviatlon
o1l$ are subject to stucter cuntrols during fefinement and prodq\.uon. and differ from automotive
olls In many ways, Including viscosity, flash polnl. and pour point.

>
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OTHER ENGINE SYSTEMS.

flammable vapors that will catch fire. The pour point is the lowest
temperature at which an oil will flow. Now that we are familiar
with the properties of the lubricating oil, let us see how it is put
to work in the aircraft, . ’

Some aircraft oils contain detergents, which are cleansing agents.
Detergents help the oil carry off impurities such as metal particles
and 'bits of sand and dirt, ‘that are products of normal engine op-
cration.

Aircraft Jubrication systems use pressure pumps to force the oil
through passages and into the many parts of the engine which need
lubrication. Some parts of the engine, such as the cylinder walls,
the piston pins, and some of the ball bearings and roller bearings,
get'their oil by splash or spray.

Gil Distribution

The oil system, such as is shown in figure 39, consists of an
oil storage tank, a pressurc oil pump, oil lines, a sump (collec-

.tion place), a scavenger pump, filters, and a radiator.

The pressure pump moves the oil from the storage tank to the
engine crankcase, where it is sprayed and splashed so as to do its
lubricating-job. The oil drains from the engine parts into the. sump.

The scavenger pump forces the oil out of the sump, through a
filter, through a radiator, and back into the oil. reservoir for re-
use. The filter screens out any dirt, sludge (a gummy residue
deposited by burning oil), and metal particles the oil may have
picked up on its trip through the engine; the radiator operates
in the same way as does the .radiutor to the~cooling system in
liquid-cooled engines. East-moving air carries off excess heat col-
lected by the oil on its trip through the engine. .

In some small engines, the engine crankcase itself may carry
the oil supply as it does in auto engines. This is called the wet
sump system. In the wet sump engine, no scavenger pump is
needed because the oil drains to the bottom of the engine crank-
case by gravity after it goes through the engine. The crankcase
thus acts as both storage tank and sump. : '

The wet sump system has some notable weaknesses that make
it unsuitable for many aircraft. It will not function when & plane
maneuvers so that the crankcase is not beneath the cylinders, nor
in engines designed that way—-such as the horizontal opposed en-
gine. The oil capacity of the wet sump system is limited to the
size of the engine casing, and it is hard to ‘cool the oil from the
heat produced in high-performance engines. The wet sump sys-
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OTHER ENGINBE SYSTEMS

"tem is completely unsuited for such engines,as the radial air
cooled, where there i§ no reservoir.
On the larger, more powerful non-radial engines and on all
radial engines, the oil storage tank is located outside the engine. '
This is called the dry sump system. Most of the big multi-engine
planes have a separate oil system for each engine.

PROPELLERS
| .

We have now learned something about all of the different divi- |
sions of the engine, and how all of thesc systéms work together |
to produce power efficiently. But remember, the whole purpose of
the engine is to provide power to turn the aircraft's propeller.

Without the propeller, an aircraft with the world’s greatest recip- ,
rocating engine would just sit on the runway and burn fuel. On ,
the other hand, the world’s greatest propeller could not run for |
very long on rubber bands. The point is that engine and propeller |
arc parts of a power unit which is bigger than both. We have |
learned about engines and now we should turn our attention to

propellers.

The aircraft propeller is the device which converts the en- f
ergy from the engine into the thrust that drives the plane forward. ;
It is a type of twisted airfoil, similar in shape and function to the )
wing of the airplane.* Propellers have a tendency to suffer nicks |
and dents which reduce their efficiency as aitfoils. This is why ;
pilots check the propellers carefully before every flight, and see ;
that they arc repaired or replaced, if necessary. !
. We can sec this similarity in shape by examining the propeller in )
small sections of the whole blade (Fig. 40). Each section has the |
shape of a section; of wing, but the camber and chord of each .
individual propeller blade section will be different from the cam-,
ber and chord of every other section. Morcover, while the wing,
of an aircraft has only one motion—forward—the propeller bladt?

', has two ntotions-—forward and rotary. |
The propeller produces the rearward thrust to drive the aircraft
forward; and this forward motion sets up the reaction between ai
. and wing to produce lift on the wing. Z:
‘ ‘ The principle used in propeller operation is Newton's third laf
of motion, which states that for every action, ti.re is an equal and
opposite reaction. In the case of the propeller, the action is the
forcing of large quantities of air to the rear. The reaction is 5'hc

.

*Altfolls are examined in the AE 11 book. Theory of Atrcralt Flight. /

t
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Figuro 40. Each section of this propeller, except for the shank end, can be seen to have
an airfoil shape. The propeller resembles o wing in this respect.

forward motion of the plane. Additionally, when the propeller
starts rotating, air flows around its blades, just as air flows around
the wing of a plane in flight. But where the wing is lifted upward
by the force of the air (Bernoulli's principle), the propeller is
“lifted” forward, and pulls the aircraft with it.

The engine furnishes the propeller with power. In small en-
gines, the propeller may be attached directly. to the crankshaft.
In the larger engines, however, the crarkshaft turns too fast for
good propeller efficiency, and so the propeller is attached to the
crankshaft indirectly, through a set of gears. The gears reduce the
propeller’s rotation rate below that of the crankshaft but allow the
propeller to turn fast enough to make good_ use of the available
engine power. (Generally speaking, propellers lose efficiency very
quickly if they rotatec at more than 2,000 revolutions per minute.
Propeller efficiency is discussed later in this chapter.)

Nomenclature

The propeller blade has a leading edge and a trailing edge,
just as a wing does (Fig. 41). The leading edge is the fatter edge,
the trailing edge the thinner. The blade back is the curved por-
tion of the propeller blade. It corresponds to the top of the wing
and is always located toward the front of the airplane. The face
is the flat side of the propeller and cprresponds to the bottom
of the wing.

The hub is the metal unit by which the propeller is linked
(directly or indircctly) to the crankshaft. That part of the pro-
peller which joins the hub is called the butt, and the section

" between the butt and the operating portion of the propeller is the

shank. The shank and butt are usually thick for strength and
cylindrical in shape, and do not contribute to the propeller's thrust.
The outermost end of the blade is called the tip.
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Figurs 41, The propeller moy seem o simple instrument, but even o0 it hot o nome

for soch of its surfoces ond edges. The propoller’s bock is the curved (combered) side

ond is olwoys locoted toword the front of the oirplone, The foce is the flot (chord)
side ond is olwoys locoted toword the reor.

[
»

Motion

The propeller turns in an arc perpendicular to the crankshaft, |,

as shown in figure 42. This arc is called the plane of rotation.
The blade angle is the angle between the face of a particular sec-
tion of the blade and the plane of rotation. The blalle’s angle of

‘ attack is the angle between the face of the blade section and the k

‘ direction of the relative air stream. This corresponds to the angle

N of attack in the wing. The actual distance that the propeller moves
forward in one revolution js called the effective pitch. This is not
to be confused with the informal term pitch, which refers to the
amount of twist in the blade.

The terms ‘pitch and blade angle do not strictly mean the same
thing, but they are so closely related that they are often used in-
. terchangeably. Thus, a propeller with a small blade angle would be
said to have Jow pitch, while a propeller with a large blade angle
would be called a high pitch propeller. A high pitch propeller
will move %n aircraft farther fonyard during one revolution than .
will a low pitch propeller; that is, it will have greater effective
pitch.

.
v
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v PLANE OF ROTATION
,. |
\ ' ..

BLADE ANGLE
. \ = _..’l

LONGITUDINAL AXIS

4

BLADE FACE'

. NOSE OF
AIRPLANE

Figure 42, This drawing of a feur-blado propeller demonstrates the plane of rotation

and the blade angle in a simplified way. Actually, because the propeller blade is

cutved, tho blade angle will vary along the length of the blade from %Hutt to tip.

The blade angle is important in determining the, propsller's amount of thrust in
- relation to ifs drag. N

I

/. 7

‘Forces

Three forces act on a propeller in flight, They are thrust, cen-
trifugal force, and torsion (Fig. 43).
. The propeller produces thrust by moving volumes of air toward
the back of the plane. This thrust compares with the lift force ex-
erted on the wing by the movement of air. But in the case of the
propeller, the lifting force acts forward instcad of upward. As the
propeller is “lifted” forward, the thrust force pulling on the blades
tends to bend the blades forward. Forces tending to bend the

76
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blades backward, caused by air drag, are small enough ta be ig-
nored. ) Vi )
Centrifugal force is created by the rotation of the propeller.
Centrifugal force (the force Fhich tends to throw a rotating body
outward from the center of rotation) exerts a constant pull on the
blades of the propeller. This force causes tensile stresses (strain on i
the material of which the blades are made). The hub of the pro-
peller resists the tendency of centrifugal force by holding the blades
in at the center. These conflicting forces may stretch the blades
slightly during flight.
Torsion is the force tending to twist the propelier blade along .
its axis and straighten it out. Torsion is caused in par} by the ac-
. tion of the air on the blades and in part by the action of centri-
fugal force, which tends to turn the blades to a lower angle.

Fa

Figure 43. "'hree main forces act on the propeller in operation. The ;wn force tends

to pull the blade forward, much as the action of fift on a wing. Centrifugal force tends
to pull the blades outward as a resvlt of the turning motion. Torsign tends to twist Y
the curve out of the blade and straighten jt. |
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Types

There are four types of propellers, the fixed¥pifch, the adjust-
able pitch, the controllable &ihﬂl, and the constant speed pro-
peller. .
The fixed pitch propeller is the simplest of the lot. It is made in
one piece, and the blade angle cannot be changed without bending
or reworking the blades. This propeller is used on small, single-
engine planes. ¢

The adjustable pitch propeller usually has a split hub. This
makes it possible for the ground crew to adjust the blade while
the aircraft is on the gro\‘md and the engine is turned off. The
. propellet blades may be turned to such an angle that they will
serve a particular purpose (cither to provide more speed orl more
power). But the operation .of the adjustable pitch propeller in
flight is the same.as that of the fixed pitch propeller.

The controllable pitch propeller is so constructed that the pilot
*  may change the blade angle while the aircraft is in flight. This
function mey be compared to shifting gears in an automobile
For instance, the blades may be set at a low angle for power
during take-off and climbing, then turned to a higher angle for
speed at cruising altitudes. The changing mechanism may be op-
erated mechanically, electrically, or hydraulicaily.

The constant speed propeller adjusts itself automatically accord-
ing to the amount of power it gets from the engine. The engine
controls are set to the desired rpm rate of the crankshaft, and to
the desired. manifold pressure rate. A flyweight arrangement (a
governor) and a hydraulic control keep the propeller’s blades at
the angle needed to maintain the desired engine speed, whether
the plane is climbing, diving, or in level flight. The governor is
sensitive to changes in the crankshaft rpm rate. If the rpm rate
increases (in a dive, for instance) the governor-hydraulic system
changes the blade pitch to a higher angle. This acts as a brake on
the crankshaft. If the rpm rate decreases (in a climb), the blade
pitch is changed to a lower angle and the crankshaft rpm
rate can increase. The constant speed propeller thus insures that
the propeller blades are always set at gheir most efficient operat-
' ing angle,

LY

1
\

Reversing and Feathering

Most constant speed propellers also have a r'eversible pitch ca-
p§‘Té!ity. In reversing pitch, the pilot rotates the propeller blades
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until he obtains a negative angle of pitch. This movement,
coupled with increased engine power, reverses the propeller’s
thrust. The air is thus forced forward, away from the aircraft, in-
stead of rearward, over the wings. The reversible (hrust feature
reduces the required landing run and saves considerably on brakes
and tires.

The propellers on most modern planes with more than one
engine also can be feathered. The term feathering refers to the op-
eration in which the propeller’s blades are turned to an angle in
line with the line of flight. The propeller is feathered in case of
enginc failure. When the blades are turned to a position where

‘they are streamlined with the line of flight, the pressure of the air

on the face and the back of the blade is equal and the blade stops
turning.

If the propeller is not being driven by the engine and is not
feathered, it will windmill, or rotate from the force of the air
pressure. This windmilling can dimage the engine. It also can dis-
rupt the lifting force of the winﬁ' by disturbing the smooth flow of
air over the wing. The dead propeller itself creates drag,
and so acts in the manner of an air brake. For this reason, the air-
craft’s working engine-propeller upits function more smoothly

and efficiently when the propeller on a faulty engine is feathered
(Fig. 44).

¥

Figure 44. Disabled and unfeathered propeilers create drag, acting as a brake on the
aircraft. They also disturb the airflow over the wing, and the resulting turbulence can

soveroly affoct the wing's Lifting power. Uncontrolled turning, cr windmilling, also -

can damage the ongine. Feathering the propaellsr decreases these effects by turning the
blade to a streamlined position. *
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Limitations

Airmen have accepted the fact that no propeller will be 100
percent efficient. That is, no propeller can change to thrust all of
the energy supplied by the engine through the crankshaft. This is
true because some of the work dune by the engine is lost to var-
jous other forces before it can be transformed into thrust by the
propeller.

The maximum cfficiency that can be obtained by a conventional
propeller operatnpg in ideal conditions and in connection” with a
conventional engine is about 92 percent. But in order to obtain an
efficiency that high, the blades of the propeller at the tip must be
very thin and the leading and trailing edges must be very sharp.
These conditions have been found to be impractical for normal
operation. The most efficient pr pellers in every day use provide
something under 90 percent of: full efficiency.

A major limitation on the use of the reciprocating engine in
really high-speed flight is the fact that the speed of the tip of
the propeller blade must be kept below the speed of sound.

Generally, the speed of sound is 1,120 feet per second at sea
level, decreasing by about 5 feet per sccond for every 1,000 feet
of altitude. .

When the tip speed approaches ti#k speed of sound, the pro-
peller develops flutter, or vibration. \gration causes strains to de-
velop and seriously affects propeller &ficiency. A propeller whose
tip speed at sea level is 900 feet per second will deliver about 86
percent efficiency. But at 1,200 feet per second, the efficiency has
dropped to around 72 percent.

In modern, high-powered engine-and- propeller units, it is nect.s-
sary to gear down the propeller to keep its tip speed below the
speed of sound. Were it not for this limitation, there is no reason
why an aircraft powered by reciprocating cngines could not sur-
pass the speed of sound.

But science has not yet found a way to get around the pro-
peller’s tip specd limitation. To surpass the speed of sound, a differ-
ent type of engine, loosely called the reaction engine, must be
used. The term reaction engine includes both jet and rocket en-
gines. Further, there are several different types of jet engines, and
_several different types of rocket engines.

Jet and rocket devclopment lagged behind the development of
reciprocating engines pric. to World War II. But since that time,
the reaction engine has com. into its qwn, expanding the limits
of speed and altitude at which man can move.

) : 80
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Despite the numerical predominance of propeller-driven air-
craft today, no modern survey of propuision systems would be
more than half complete without considering the reaction engine.

Since rocket engines are discussed at length elsewhere in the
Acrospace Education program, our consideration of reaction en-
gines in this book will be confined to jet engines.

WORDS AND PHRASES TO REMEMBER

. accelerating system electromotive force
adjustable pitch propeller feathiering
alternating current fixed pitch propeller
atomization flash point
.automatic mixture control float carburetor
backfiring ‘ float chamber

R Bernoulli’s principle  ~ fuelinjection system
blade angle fuel knock
blade butt fuel system
blade shank generator _
blade tip . hub
booster coil , hydrocarbon
breaker point ignition
carburetor . ignition system
carburetor barrel impeller
carburetor heater inertia
carburetor icing ' injection punip
carburetion | intake manifold
centrifugal force intake metering system
condenser ionization
constant speed propeller kinetic energy
contact point knock
controllable pitch propeller leading edge
detergent lean mixture
detonation lines of flux

: direct current magnetic circuit
discharge nozzle | magnetic field
discharge tube b magnetite

’ distributor magneto
downdraft carburetor ¢ mass air flow system
dry sump master control unit
economizer metering j_et
effective pitch octane rating
electromagne *i¢c induction pitch
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potential energy . supercharger

pour point tensile stress

power enrichment system throttle valve

pre-ignition - . thrust

pressure injection carburetor tip speed

pressure pump torsion

primary coil trailing edge

propeller face turbosupercharger

reaction enginé ‘ updraft carburetor )

reveisible pitch + vapor lock

rich-mixture - ¥enturi

scavenger pump viscosity

secondary coil . « volatile

self-induction voltage

solencid , . wet sump

spark plug windmilling

stable fuel wobble pump

starting unit f
QUESTIONS

1. Name the five systems that make up the complete reciprocating engine.

2. What are the advantsges of the petroleum-based fuels used as aviation
fuels?

3. What-is the function of the carburetor?

4, Why doss the carburetor mensure fuel and alr by weight lnstead of ‘by
yvolume? -

5. What Is-the function of the supercharger? ]
6., Explain how magnetism is used fo make eleciricity.

7. What Is the difference between-the starter system and the ignition system?
Wken does the pilot turn off his engine’s iguition system? ’

8. What are the varfous {ypes and fonctions of the lubricating \system}
9, How does the propeller provide thrust and }ift to the aircraft?

10. Name the parts of the propeller. What is the “plane of rotation?” The
“cifective pitch?”

11, What three forces act on a propeller In flight? Describe these forces.
12. Why are propeller-driven aircraft Incapable of supersonic flight?
THINGS TO DO

1. Political dcvelobmcnts m the Middle East sometimes threaten America’s
supphies of oil from ficlds in that arca. Find out and report on how much
oll, gasoline, and other petroleum products arc used in this country an-
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nually and where our sources of supply are located. Could the United
States get along without Middle Eastern oil supplies?

N

|
!
. Get an old generator and take it apart. See how the magnets work to \
produce elcctrical current. Estimate the number of wire turns used. |

3 Light aircraft sometimes have problems with carburetor icing. Find out.
what system is uscd to combat this condition and brief the class on -how
that system works.

4. Visit an engine repair facility, either at your scheol or, with permission,
at a commercial shop. See if you can identify the various parts of the
engine and understand the theory of engine operation by looking at the

* parts you describe.

O
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thpter 45

Gas Tlirbines‘_ and
Jet Propulsion ’

THIS CHAPTER deals primarlly with turbine engines, with tha
emphasis on jet engines. It describes the operation of the Jet
in theory, gives examples of how the different types.of jet .
engines operate, and explains the relative advantages of
these engines. It also includes a section on helicopter pro-
pulsion systms. When you finish this chapter, you shoyld be
able to; (1) compare the oparation and' performance ‘of the
jst and the reciprocating engine; (2) describe the operafional
differences in the three main types of [ot engines; (3) explain
in some detail the operation of the turbojet engine; (4)
describe such adaptations as the-turbofan and the turboprop
engines; and (5) explain the differences and similaritias ba-
tween helicopter propulsion systems and those of other
aircraft,

i

(

'W‘ITH THE ADVENT of jet prcpulsion as a practical means
of powering aircraft, a whole new experience was opened to \

L

mankind. The kiy to this experience was speed. Jet-propelled air-
craft were eyed with suspicion at first by a public which distrusted
airplanes without propellers. But with exposure came aceeptance, and
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the world was soon electrified to learn that a manned, jet air-
craft had flown beyond the speed of sound.
. . /

-

|

|

!

I
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PROPULSION 'SYSTEMS FOR AIRCRAFT
\

JET }w/c—n:Fs )

Compared to the reciprocating engine and propeller combjgpa-
tion, the theoretical workings of the ~jet engine are simple. In
broad terms, the jet engine is essentially a tube in which the four-
stage combustion cycle takes place. It is composed of an air in-
take section, a compression section, a combustion section, and a .
exhaust section, Figure 45 shows how the combustion cytle of ;hg"{
jet engine corresponds to that of a reciprocating engine.

Although the two different propulsion systems have much in
common when it comes to working principles, they are quite differ-

s

INTAKE VALVE  BOTH VALVES .BOTH VALVES EXHAUST VALVE )
OPEN | CLOSED | CLOSED OPEN ‘ .
| ; .
! S_v
‘ =§-—% | | 2
! : .
]
Q. l i ‘
18 |
Y. |
y | {
O\ o/ | | o
| i
INTAKE STROKE {COMPRESSlON ‘ EXHAUST STROKE
| STROKE | STROKE | -
rawAiRover |

|
GOMPRESSOR | GASTURBINE  EXHAUST

3 NOZZLE

COMBUSTION TAILPIPE .
CHAMBERS
}
Figure 45, The power production cycle in the ot ongine muy be compared with the
four-stroke cycle of the reciprocating engine. Like the reciprocating engine, the |et
goes through intake, compiession, cumbustion, and exhaust. But the exhaust is the
force that makes the jet plane ga.
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GAS TURBINES & JET PROPULSION

ent mechanically. Both the jet and the reciprocating engine have
their places in today’s aviation, and they are well suited to their
different uses. c

The chief advantages of the jet-propelled aircraft are speed
and the ability to fly at high altitudes. The chicf advantage of
the reciprocating engine-propeller powered craft js economy at
low speeds and at low altitudes. :

Both systems get their power from the gases formed by burn-
ing fuel. Both depend on the air outside the engine for the oxy-
gen needed to burn the fuel. Both utilize the same basic laws
of motion for their “push.” Finally, both use the four-stage cycle
of intake, compression, combustion, and exhaust.

But despite these similarities in the two engines, there are two
major differences. The jet engine has no propeller; and while the
exhaust in the reciprocating engine is mainly wasted, the jet en-
gine’s exhaust is the force that makes |the aircraft go.

Principles of Operntion

The jet enginc operates on principles; outlined in Newton's. sec-
ond and third laws of motion. force is equal to mass times accelera-
tion; and for every action there occurs a reaction of equal force in
the opposite direction, b

Probably the most often-used illustration of Newton's third Jaw
is the action of a balloon released with its neck opeu.
zips around the room- as air escapes from. the open
of the balloon is not caused by escaping air .pushi
outside the balloon, but by the force occu/rci
in reaction to that escaping air.

The air rushing out of the balloon may be called the action.
But inside :he balloon, there is a reaction, just as strong, and in
an opposite direction to the outrushing air. If our balloon had twe
necks directly opposite cach other, the air would rush out of both
- openings and the balloon would merely drop to the floor. But
since there is only one neck, the reacting air pushes against the in-
side surface of the balloon, in accordance with Newton's third
. o law of motion, and moves the balloon along.

Newton’s second law, applied to the jet engine, would mean
that the force moving the aircraft (thrust) is cqual to the mass
(quantity) of air taken in through the front of the ¢ngine, multi-
plied by the acceleration (increase in speed) of that air before it
leaves the exhaust nozzle at the back end of the enginc.&%t wQat

g against the air
g inside the balloon
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this principle means in practical terms is explained in Chapter
One of this book.* ' J‘

Both the jet engine and the propeller provide thrust by throw-
ing quantities of air backward. In the jet, the air is channeled
through a tube (the engine); but the air the propeiler moves is
unconfined. This means that a smaller mass of air is being moved
by the jet engine; but the jet accelerates that air muclﬁ' faster
" than the propeller does. L

The term jet propulsion is understood to mean the push that
occurs in reaction to the ejection of matter-gair). When the jet,
engine cjects its exhaust gases, the reaction is the engine’s
thrust. And since the velocity (the action) of the air leaving the
jet cngine is very strong, so is the thrust (the reaction). In this
book we will consider past and present jet engine types, includ-
ing the ramjet, pulscjet, turbojet, turboprop, and turbofan, engines.

|

Ranijet !

The simplest type of jet engine is the ramjet. With np moving
parts, the ramjet is little more than a tube fitted with fuel nozzles,
and spark plugs to get it started. In fact, the ramjet has been de-
scribed as a “flying smokestack” (Fig. 46). /'

The air is taken into the ramjet through the diffuser in the air
intake section at the front of the tube. The diffuser slows down
the incoming air, and the air rammiing in behind that air greatly
increases its pressurc. The total amount of energy in the air we
have taken in remains the same, but its form has been con-
verted from.the energy of velocity to pressure-type ¢nergy. The
volume of the air taken in has not changed, but the weight within
that volume has been increased considerably by ¢ompression.
This means that the mass (weight in slugs) has been increased.’
Since the thrust we eventually get will depend on the mass of air
we move (F = MA), air compression increases thrus;t.

This compressed air is channeled into the combustion section,
where fuel is sprayed into it under pressure. An ‘ignition plug
similar to the conventional spark plug ignites the ‘mixture. The
resulting explosion hurls the air forcefully out the exhaust, and
the reaction to that force moves the engine forward. There is
equal fofce exerted in all directions when the explosion occurs,
of course. But the high-pressure air in the diffuser blocks the ex-
pansion of the air forward, the walls of the engife and passing

*The action-reaction principte s further explained and ilustrated In the AE-I book, Space-
¢raft and Their Booslers. )
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Figure 46, The ramjel, sametimes called the “flying smakestack,” Is the simplest jot
engine In uso taday. its air supply Is campressed by the ramming actian of the engine
instead of by a mechanical campressar.

air block the expansion outward, and the hot gases are forced
out the rear of thé engine. .

It should be pointed out that in jet engines, the ignition plugs
are used to ignite the fuel charge only until the engine is started.
The electric current to the plugs is then cut off. The flow of air
and fuel into the combustion chamber is continuous, and so is
the flame. Instead of a series of fuel/air charges, as in the recipro-
cating engine, the jet engine has one continuous charge which
burns until the flow of air and/or fuel is discontinued.

In the ramjet the fire is held in the combustion chamber by a
blocking device called a flameholder. Otherwise, the fire would
be blown out the rear of the engine with the exhaust gases and
other air.

The ramjet cannot operate until it is moving at sufficient speed
to bring about compression from the ramming air in the front of
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Figure 47. The Bomarc missile wos fired by its rocket engine power but shifted to
romjet power when it reoched sufficient speed. The ramijet is not copoble of storting
from o stop since it needs the rom effect to moke it work.

the engine (about 250 miles per hour). Aircraft using the ramjet
must have another type of propulsion to get them moving at that
speed before the ramjet can be turned on. In theory, the speed
attainable by the ramjet is unlimited, since the faster it goes, the
morc air compression it gets, the more compression 1t gets, the
more violent the ckplosion in the combustion chamber, and the
more violent this explosion, the' more thrust is developed and the
faster it goes. In practice, however, the ramjet’s speed is limited
to about five times the speed of sound (mach 5),* which is still
a pretty fast clip. This limitation is due to friction-caused heat on
the outside of the engine and: the aircraft to which it is attafhed
(called skin temperatures). Beyond mach 5, this. friction ‘heat
would cause the metals now in common use to melt.

* 1

*The word “mach™ is used (o describe the speed of an object in relation to the speed of
sound 1n the same medium. The pumber acwompanyng the word 'mach  sndicates the muls
tiples of the speed of sound at which the object—In our case, the aircraft—is traveling.
At spreds below, but approaching. the speed of sqgcnd. numerals less than 1 may be used.
Thus, an aircralt moving at ma.h 7 would be trasthing at seven-tenths the speed of sound.
At mach 1. the aircralt would be moving at cxactly the speed of sound At mach 25, the
aircralt would be mowing at two-and-a-hall times the speed of sound The speed of sound at
sca levels o dry air at 32 degrees F.ois about 3.087 feet per second (241 miles an hour).
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The ramjet engine can be used in missiles which are lifted off the
ground by another engine system—usually, a rocket engine. Just
before the rocket engine bums out, the ramjet “kicks in” and
takes over the job of powering the missile. Although now ob-
solete, the Bomarc surface-to-air interceptor missile shown in fig-
ufe 47 was a good example of this usage.

A recent development in‘ramjet engines is capable of hypersonic
flight; that is, flight at speeds above mach 5. This engine is
called the Scramjet, and may be used in the future on aircraft de-
signed to cruisc at hypersonic speeds, on recoverable launch ve-
hicles, and on defense missiles. '

A

Pulse Jet

The pulsejet is only slightly more complex than the ramjet, but
it is much less useful in modern aviation. The pulsejet’s chief
interest is historical. It has a diffuser, a grill assembly, a combus-
tion chamber, and a tailpipe. Air feeds through the diffuser, just
as in the ramjet, and through the grill to the combustion cham-
ber.

The grill assembly is a honeycomb of air valves which allow
the air to flow through if the pressure in the diffuser chamber
(intake) is greater than the pressure in the combustion chamber.
These air valves are spring-loaded in the closed position and vpen
inward, toward the combustion chamber. '

When the air is allowed into the combustion chamber, a fuel
charge is injected and the fuel/air mix is ignited.

As the sequence in figure 48 shows, the force of the resulting
explosion closes the air valves in the grill and forces the exhaust
out the tailpipe. When the pressure of that charge lessens in the
combustion chamber, pressure from intake air forces the valves
open again and more air. moves into the combustion chamber.
The cycle repeats, with the ignition of the stcond charge coming
from the flame of the first charge.

Puisejets powered the German V-1 missile in World War II.
The characteristic noise produced by the pulse jet was responsible
for the V-1’s nickname-of “buzz bomb.”

Although the pulsejet is simgle and inexpensive to build, its
speed is limited. At air speeds above mach 0.6 (slightly over
~ halfthie~speed "of “sound), the pressure in the diffuser section
holds the air valves qpen too Jong for efficient operation. Be-
cause it cannot compete effectively aga'n\st the reciprocating engine

~
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Figure 48. The pulsejet is of strictly historicol interest. Cheap «nd simple, it was one
of -the- earliest jet engines 1o be used operationally, but it was .quickly .obondoned

+ .  when the turk was developed. The pulsejet’s characteristic sound wos responsible
for the nitkname “buzz bomb” being given to the V-1 missilo used by the Germons

. In World War Il.

on the one hand and more advanced jet engines on the other,
the pulsejet has virtually vanished from the aviation scene.

The Turhojet

1]

The turbojet engine, the most widely used engine in the jet world
today, uses the same principles used by the ramjet and the pulse-
jet, but is a much more refined and practical machine.
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.

COMBUSTION CHAM
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Figure *49. The turbojet engine features an air compressor which it operated by a

turbine, which in turn is powered by high-velocity exhaust gases on their way to the

tailpipe. The engine in this simple illustration is equipped with an ufterburner for
, oxtra power.

Employing the combination of gas turbine and air comr:essor,
the turbojet is its own master. It can start from a dead stop and
can power aircraft to more than twice the speed of sound.

There are many models and several modifications of the turbojet
engine, but they all shar¢ the same basic operational sequence:
air enters through the -air intake section_(diffuser); goes through
the mechanical compressor, where its pressure is greatly increased;
is forced into the combustion chambers, mixed with fuel, and
burned; and escape$ as high-velocity gases out the -exhaust nozzle,
producing thrust.

The diagram in figure 49 shows that between the combustion
chambers and the exhaust nozzle, thiere is a turbine. The exhaust
gases turn the turbine wheel just as wind turns the wheel of a
windmill. The turbine is connected by a direct shaft to the com-

pressor. The rotation of the turbine operates the compressor, .

which sends more air through the engine to turn the turbine.
The compressor section of the turbojet is the area where the air

is compacted in preparation for burning. It corresponds to the re-
ciprocating engine’s cylinder in the compression stage. ‘Turbojet
engines are generally classified as centrifugal flow or axial flow
engines. These terms refer to the design of the air compressor
in the engine, and the way the air flows through it. Although axial
flow engines are much more widely used today, the centrifugal
flow engine is of interest ‘historically and as an example of how jet
engines have progressed. . .

CENTRIFUGAL FLOW ENGINES.—The centrifugal flow compressor,
shown in figure 50, is composed of a rotor, a stator, and a casing.
The rotor is mounted within the stator, and that whole assembly
is enclosed in the casing. The: casing has an dpening near the
center for the air to enter.

93. R
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STATOR Lo

ROTOR

Figure 50. The centrifugal compressor used in the early models of the turbojet engine,
hurled the air outward from the whirlng rotors onto the stationary Mators,” and the
- statoss guided the compressed air to the combustion section.

A

The compressor's rotor is made up of a series of flat blades. The
blades revolve, take the air in, and whirl it around, increasing
its velocity. Centrifugal force causes the air to move outward
from the center to the rim of the rotor blades, where it is thrown
out of the wheel and into the stator with'considerable velocity.

The stator consists of diffuser vanes, or blades, which curl out
from the central akis of the rotor. The stator does not -rotate. The
moving air acquires energy, in the form of velocity, in the rotor and .
this energy is converted to pressure energy by the }tator. As the

air moves through the stator’s diffuser vanes, it lose; velocity and
acquires pressure.
From the stators, the compressed air is fed into the combustion

chambers, i .
Eagh set of rotors and stators is called a stage. A single stage
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COMPRESSED GASES ARE
FED INTO ENTRY OF
FOLLOWING STAGES

FIRST  SECOND 'THIRD  FOURTH
STAGE “ STAGE  STAGE  STAGE

&
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Figure 51. In the multi-stags compressor, the stators direct the compressed air onto
the rotors of the next compressor stage for more gir compression. The lost stege, of
course, sends the air into the combustion chambers.

centrifugal flow compressor will produce a compression ratic of
about four to one. That is, it will reduce a given mass of air to
about one-fourth the volume it had in its free state.

Additional stages, as shown in figure 51, will improve the com-
pression ratio somewhat; but much of the potential energy of the,
air mass in the centrifugal flow compressor is lost through drastic
changes in direction caused by centrifugal force. For this reason,
most jet engines made today employ the more efficient axial flow
compressor. .
~ AxiAL FLow ENGINES.—The axial flow compressor is also made
up of rotors and stators. But the blades are shaped like airfoils
instead of being flat. The rotor may be likened to a many-bladed
propeller. The airfoil shape of the rotor blades guides the air
mass mainly toward the rear of the engine, and only slightly out-
ward (Fig. 52).

The stators, also of the airfoil design, are mounted behind the
rotors. The stators may be likened to many small wings. They do
npt rotate, but receive the air from the rotors and direct it either
toward the combustion chambers or onto the next set of rotors.

One row of rotors and one row of stators constitutes a stage
in the axial flow compressor. The motion of the rotors compresses
the air in a manner similar to the ram effect, and the stators serve
to straighten out the airflow (Fig. 53).
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Figure 52. In the axiol compressor, the airfoil-shaped rotor blades hurl the intake air
rearward, and not outward as in the centrifugol compressor. The stotor blodes in the
axiol compresior are also airfoil-shaped. ’

The axial flow compressct may be composed of many stages.
Each stage is smaller than the one before it, which increases the
compression of the air. Axial {low compressors give compression
ratios of more than 5 to 1. )

DuaL CoMPRESSORS.—Some turbojet engines have two com-
pressor and turbine arrangements, called dual compressors. The
two compressors provide greater engine flexibility and maintain
high compression ratios at high altitudes, where the ram air pres-
sure is less. ' :

This dual arrangement consists of a high-pressure compressor
driven by a turbine that is controlled by the throttle, and a low-
pressure compressor driven by a free-turning turbine (Fig. 54).
Dual compressors can develop compression ratios of up to 14 to 1.

At high altitudes,. the air is thin and the ram pressure in the
front of the engine is therefore reduced. But a free-turning com-
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Figure 53. The stators in the axicl flow comprassor straighten the aitflow and guide: it
cither to the next stage of rotor blades or on to the combustion chambars. One-stage
of an axial flow compressor consists of o row of rotors and o row of Hators.
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Figure 54. The turbojet engine with o dual comprassor is capable of providing good air

compression ot hgh ollitudes, whore the cir is thin. The high pressure compressor

and the low pressure compressor have concentric shafis, but there is-no mechanical
link between them. . .
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pressor takes advantage of the thin air’s lesser resistance on its rotor
blades, and turns faster, bringing in greater volumes of air. This
arrangement enables the free compressor to keep the high-pressure
cOmpressor supphed&wuh air.

The dual compressor illustrates how theory and practice do not
always agree. In fact, it was devised to overcome a problem
resulting from the fact/theory gap. In theory, a single axial flow
compressor with many staggs could dcvelop an unlimited amount
of compressmn But in practice, this is true only within 2 limited
range of engine speeds 'Beyond these spzeds, the smaller stages
toward the rear ol the compressor lose efficiency because they
cannot handle th- large volumes of air being forced into them
by ‘the larger stages up front. As a result, the front sections be-
come overloaded with backed-up air ard turbulence results. This
turbulence interferes with the effective angle of attack of the air-
foil-shaped rotors and stators, and the result is compressor stall.

With the dual compressor, the rearmost stages are large enough
to handle the larger volumes of air without loss of efficiency.

CoMBUSTION CHAMBERS.—On leaving the compressor, the air is
forced into the combustion chamber,, mixed with the fuel, and
burned in the continuous combustion process. Jet engines can
operate on a wide variety of fuels, but refined kerosene has been
found to be the most satisfactory fuel available so far.

Only about one-fourth of the air from the compressors is used
for comibustion. The rest of the air is channeled around the
outside of the combustion chambers, or around the fire inside
the combustion chambers, for cooling puxposes

Ordmary turbo;et engines may have 14 separate combustion
chambers in their combustion section, divided so that the cooling
air can be more effective.

The combustion chamber includes an inner chamber, where the
actual burning takes place; an opter chamber; a fuel nozzle; and
crossover tubes (Fig. 55). ‘t‘

Temperatures in the inner chamber get above 3,000 degrees
Fahrenheit. But these temperatures never reach the wall of the
inner chamber. The burning is centered in the chamber through
careful design, and is surrounded by a blanket of air that is, of
course, heated, but does not burn. All of the burning must be com-
pleted before the exhaust leaves the inner chamber, because the
intense heat of the burning charge could severely damaye the tur-
bine wheel.

Air flows through the lifer between the inner and outer ¢ham-

/
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Figurs 55. The' combustion chamber of o it engine jncludes un inner chamber, where

the fual is burned, and an outer chambar, Cooling oir flow through the space beiween

the two chambers, The igniter (spark) plug is used for initial ignition only, after
which the flanie Is fed from chamber to chamber through the crossover tube.

bers. The outer chamber keeps a supply of high-pressure air avail-
able to the inner chamber for cooling.

The fuel nozzle sprays the proper amount of fuel into the .inner
chamber, using the fuel injection system. The fuel spray is under
pressure and the fuel flow is regulated to achieve an air/fuel
ratio of about 14 to 1. g . -

Usually, only two igniter plugs serve the entire combustion sys-
tem, and then only for the initial ignition. After the engine is started
and the plugs have ignited the fuel/air mixture, electric current to
-the.plugs.is turned.off. . - ot T T

The crossover tubes connecting the combustion chambers feed
flame into those chambers without spark plugs. After the flame
is introduced into all the chambers, the burning process feeds
itself.~The high-pressure air blanket then blocks off the openings
in the crossover tubes before temperatures in them mount very

high.

TURBINE SECTION.—The hot exhaust gases and unburned air leave
the combustion section either through nozzles on guide vanes,
which increase their velocity to about 2,000 feet per second and
direct them onto the turbine wheel blades. The guide vanes
constitute the stator part of the turbine, while the turbine wheel
is the rotor part.

The turbine wheel is the toughest part of the jet engine. It has
to be, to withstand the tremendous temperatures and other stresses
on it

The témperature of the gases striking the turbine's rotor blades
may reach 1,500° F., and the wheel rotates at about 12,000
revolutions per minute These stresses were a serious problem to
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Figure 56. At with the gompressor, a single stage of the turbine conslsts of a row
of rotors ond o tow of stators, but in reverse order. The stators direct the exhaust
goses onto the rotor blades, causing the rotor wheel fo turn, The front end of the

—

. .turbine shaft connects to the.compressor. . . L

early developers of the turbine. But advances in metallurgy (the
science of metals) have produced metal alloys capable of with-

standing the strains of heat, shogk, and centrifugal force for
fro |

1,000 hours or fmore of operation.
Like the compressor, the turbine may consist of one or more

" stages. And like the compressor, the turbine is composed of al-

ternating rows of stators and rotors.

The shaft attached to the center of the turbine is connected
at the other end to the compressor, which it drives (Fig. 56).

ExHAUST SECTION.—The gases exit the-turbine at temperatures of
about 1,200° F. and speeds of about 1,200 feet per second
and enter the exhaust nozzle. As seen in. figure 57, this nozzle
has an inner cone, supported by struts. Together, the nozzle,
cone, and struts straighten out the flow of the gases leaving the
revolving turbine wheel and send these gases through the tail-
pipe in a concentrated flow.

The tailpipe is designed to inctease the velocity of the gases to
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Figure 57, The 0xhcu§l sectlon of the engine siraightens the exhaust gas flow and
sendi it out the rear of the engine in a concentrated stream. This is the business part
: of [t propulsion. >

a point where they furnish maximum thrust without causing the
engine to overheat, As the gases leave the tailpipe, their tempera-
ture has dropped to about 1,000° F. and their velocity has in-
creased to 1,800 feet per second or more. The velocity of the
gases leaving the tailpipe is an important factor in the thrust-
determining equation, Force = Mass timas Acceleration (F = MA).

THE AFTERBURNER,—Some turbojet engines, principally on mili-
tary aircraft, are equipped with exhaust reheating devices called
afterburners. These .devices increase -the velocity of the exhaust
gases—-and thereby, increase thrust—when maximum performance
is required. The afterburner, shown in figure 58, acts in the man-
- ner of a small ramjet engine when it is in use .and as 8 tailpipe
extension when not in operation.

Since a Jarge amount of the air that enters a turbojet engine is
used for cooling and not for burning, there is ample oxygen in the
exhaust air to operate the afterburner. As in the ramjet, fuel is
injectéd into the afterburner under pressure. The exhaust gases from
the main engine are of high enough temperature to ignite the fuel on
contact, and the resulting burning greatly increases the exhaust
velocity from the afterburner.

The afterburner ‘is fitted with flameholders to keep the high-
speed cxhaust gases from blowing the burning gases out of the
chamber,

The turbojet has become the most widely-used type of jet en-
gine. It is found supplying the power for many different types of
aircraft, from fighters to bombers and passenger planes to guided
missiles. Some examples of the ajrcraft usiug the turbojet engine
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Figure 58. The afterbumer, sometimes called the exhaust re-heat, provides additional

thrust to an engine by injecting fuel into the high-temperature exhaust gases, mixing

the fuel with the unbumed oxygen in those gases, and burning ths resulting mixture.
When not operating, the cfterburner agls as @ tailpipe extension.

for power are the F-4 Phantom II, a workhorse for the United
States Air Force, Navy, and Marines; the F-5 Freedom Fighter,
used by a number of nations as a primary defensive aircraft;
some versions of the Boeing 707 and 720 and the Douglas
DC-8 passenger aircraft, used by commercial airlines; the B-52°
bomber and the Hound Dog air-to-ground missile shown together
in figure 59, and the mach 3-plus SR-71 strategic reconnaissance
_plane.-

-4

The Turboprop Engine

Experience has shown that jet-powered aircraft are superior to
propeller-driven aircraft at high speeds and high altitudes, while the
propeller-driven planes excel at comparatively low speeds and low
altitudes. In fact, the turbojet engine does not equal the reciprocat-
ing engine-propeller system in efficiency ‘until speeds of nearly 400
miles per hour are reached.

In an.cffort to combine the best features of both systems, engine
designers developed the turboprop engine, which, ¥s figure 60
indicates, uses a gas turbine-powered propeller for its drive.

The reciprocating engine probably will continue as the dominant
;powerplant in low speed, low power aircraft, but the turboprop
is used more and more -on large aircraft operating at low and in-
termediate speeds.

/s 102
/

- A




o

Q

ERIC

R A i 7o Provided by ERIC

GAS TURBINES & JET PROPULSION .

e

Figure 59. Turbojet enginos ure the powaerplants for the B-32 bomber, shown here,
N and the Hound Dog missile, suspended from this B~52's wings.

COmPRESSOR FUEL SPRAY COMPRESSOR DAIVE TURMNE
AlR INLET “ I 1
. A
| A
* ]
REDUCTION GEAR COMBUSIOR TAlL CONE
PROPELLER PROPECLER.ORIVE TURBINE

+ -

Figure 60. Tho turboprop engine combines the advantages of the gas turbine power-
plant with the efficiency of the propeller to get a relatively quis!, cheap, and powarful
propulsion systom. It is not\slriclly a jet plopulsion system,
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In the turbojet engine, most of the gases passing through the
combustion chamber are forced out the tailpipe .te produce thrust,
Only a small améunt of the energy of these gases is used to tura the
turbine angd- compressor. —

But in the turboprop engine, the reverse is true. The turboprop
has a weak exhaust from its talllec and gets almost no “push” in
reaction to it. The turbine in this engine is designed to absorb
almost all the energy from the exhaust gases. Part of this energy
turns the compressor, allowing the engine to fufiction in essentially
the same manner as the pure ‘turbojet. Bug the bulk of the energy
is passed from the turbine to the propellet, which is mounted at
the front of the engine. ‘ z

¢

Turboprop-powered aircraft obtain fheir thrust from the pro-
peller, which moves a larger mass of air than would the turbo-’

. jet, but at a lower velocity. An a{rcraft using the turboprop
" system is no'. “jet propelled,” Since very little thrust is produced
by the ejection of hngh-veloclty exhéust gases; but jts propeller

is driven by a gas turbine engine, much the same as that power-
ingljet aircroi.

" The turboprop’s propeller thrust can be reversed on landing,
‘and its turbine engine can supply the propeller with double the
horsepower of the conventional reciprocating engine. But reduc-
tion gearing must be used to slow the rpm rate of the propeller
and keep its tip speed below the speed of sound. All the limita- .
tions of the propeller still apply despite a.change of power plants

A number of engine manufacturers and aircraft users have ac-

cepted the hmntatnons of the turboprop engine—along with its
“benefits—-and the engine 1s scemg exten{x‘ge use today.

.

The main aircraft using the turboprop system are the Air Force's
'C-130 Hercules and its several commercial versions, the Convair
580; and the OV-10 Bronco, used in military observation and
Forward Air Control missions. -~

But engine manufacturers have not stopped with that compro-
mise between the propeller craft’s superiority at low speeds and the .
jet engine’s class at hlgh speeds. Continuing experimentation and
desngn changes have produced a much better “compromxse“ than
the turbdprof engine. This newest development is an improved
turbojet calleﬁ the turboian engine, and it is on the way to becom-
ing the domeant engme for high-performance élrcraft
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Turbofan Engine -

The turbofan engine, also called the ducted fan, fanjet, or by- "
pas$ engine, is a more recent development than the turboprop
engine. It shares the turbofjrop’s principle of moving larger vol-
umes of air at lower velocities, but is still strictly a jet propulsion

. . engine. ‘ . ,

In the turbofan engine, shown ‘in figure 61, one or more rows
of the compressor blades are extended beyond the length of the
rest of the compressor ‘blades. These elongated blades make up the
* * " fan of the engine. The fan pulls large volumes of air into_the

engine, and about 60 percent of that air passes through ducts out-
side the power section of the enfline. ’

The remainder of the intake air is fed through the combustion.
chambers, the turbine, and the exhaust section. But the air pulled
by the extended blades (the fan) i5 ducted outside the engine so
that it bypasses the combustion chamber, is forced backward, and
is discharged without burning. It is discharged with the exhaust _
gases. The fan resembles the propeller in the turboprop engine
in that it Qurls masses of’air rearward: But the fan is run directly
by the turbine without the necessity of reduction gearing, and it
is not subject to the propeller’s tip speed limitations.

© The turbofan engife moves up to four times as much air as the

simple turbojet. It is capable of driving an aircraft at supersonic
speeds without the benefit of an afterbume;. ]

An inndvation in the turbofan engine allows burning of the air
in the*fan stream. This type of engine, called the fan burner, is,

LOW PRESSURE  HIGH PRESSURE
COMPRESSOR _ COMPRESSOR

COMBUSTION
CHAMAER

HIGH SPEED &
LOW SPEED TURBINE

Figure 61. The turbofan angine Is a true fet propulsion engine, since its principle theust
is-prodyced by exhausting gases. The turbofan is designed to move great volumes of
oir, as the propeller does, but it does not have the propsiler’s tip speed limitations.
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essentially a turbofan engine with an afterburner capability. Eco-
nomical operatien can be obtained from this enginc at low alti-
tudes and low speeds if the extra burner is not used., At high alti-
tudes and high speeds, the burner may be used w:thout too much
loss of efflcnency and economy. Burning fuel in the fan duct of
this engme can double the normal thrust of the turbofan engine.
Compared to the more conventional turbojet, the turbofan en
gine furnishes greater thrust for_take-off, chmbmg, and cruisir ,
from the same amount of Zuel, mainly due to its. larger air move-
ment. The addition of the aftcrbumer capacity has boosted the
populanty of the turbofan. Some of the outstanding aircraft now
using this kindw of engine are the FB-111 supersomc fighter-
bomber, used by the Air Force; some versions of the B-52
bomber; the KC-135B tanker aircraft; the commercial airlines’
Boeing 727 and 747 and Douglas DC-9, plus. some versions of
the Boeing 707; the C-141 Starlifter cargo plane; the A-7 Corsair
11 attack aircraft; the gnant C-5 transport, the world’s largest air-
craft; and the new air superiority fighter, the F-15 Eagle.

.

HFTICOPTER ENGINES

Helicopters are a dif fere%t type of vehicle than the conventional
aircraft we have been considering. Their wings are on top, and
rotate ‘instead 'of being firmly fixed to ‘the side of the fusclage.
Helicopters can go straight up and straight down, frontwards,
sideways, and even backwatds, or they can hang suspended, all
in, response to the pilot™s control of the way those rotating wings
are aimed. These flight characteristics require different thrust
capabnhtles, but helicopters use essentially the same type of en-
gines that fixed-wing aircraft use.

It is not the purpose of this volume to explore the acrodynamics
of helicopters—the theory behind their flight control—but merely
to look at their powerplants and some of the peculiar problems
they cause.

Hehcopters may be powered by reciprocating or turbine engines,
located in the front of the craft, in the middle, or on top. Increas-
ingly, gas .turbine cngines are being used, and on the larger
helicopters with a very large rotor or more than one rotor (as
the rotating wmgs are called), more than one engine may be used.

"Helicopter engmes generate power in the same way as do the
recnprocatmg engii..s and the gas turbine engines we have studied
in this book. The main difference is in the way the power is trans-
mitted to the rotating wing. The situation is similar to that found

106

- 111




-

GAS TURBINES & JET PROPULSION

in the turboprop engine, where a system of pears is required to '
change the twisting power in the power shaft inta a form that

*  can be used by the propeller. The power shaft of the reciprocating
engine, of course, is the crankshaft, The power shaft of the turbo-
shaft engine (the turbine engine used in helicopters) is similar to that
of the turboprop: the shaft is connected to a power turbine, which
is activated by ensmine gases. In both the reciprocating and the
turbine-powered hesicopter engines, reduction gearing is nec&sary
not only. to control the tip speed of the rotating wings (rotor
blades) but aiso to change the direction of the spinning motion to
that required by. thy rotor blades (Fig. 62).

The pilot controls hoth the engine speed and the pitch of the
rotor blades through his throttle control levef and grip. A twist of

1

4k,

ROTOR ORIVE SHAFTS.
TRANSHSSION

FORWARD ROTOR
TRANSMISSION

! \encine omve saer

CENTRAL TRANSHSSON AND CLUTCH

v

Figure 62. The propeller's engine may be located wherever it is convenient in the air-
craft design. The engine’s power is converted to the proper direction of spin by its
system of transmisson and gears.
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Figure 63. A tail rotor works similarly to o propeller Yo offset the torque from the

main rotor. Reaction to the tail rotor’s thrust operates in the opposite direction from

the torque of the main rotor, This keeps the helicopter from spinning. Helicopters with
two rotors spin the rotors in oposite directions, cffsetting each other's torque.

“the grip opens or closes the engine's fuel flow, and forward-

backward movement of the levef controls the rotor pitch. The
throttle is synchronized with the pitch control linkage to equalize
the powe;? supplied by the engine with the power required by the
rotors. £~ 7

The limitations on tip speed we discussed in the section on
propellers also apply to helicopter rotor tip speeds, a factor in
helicopter speed. Generally speaking, forward speed for helicop-
ters in level flight is limited to about 30 percent of blade tip
speed—Thus, if the tip speed were 400 miles per hour, the heli-
copter wonld have a forward speed capability of approximately 120
miles an hour.

Some of the later models of helicopter have incorporated short
fixed winés on their sides and extra turbine engines that can pro-
vide ?Xvard thrust, as in puré fixed wing aircraft. Thesc com-
binyi n-type aircraft are markedly faster than the conventional
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belicopter since tip speed limitations are lessened by the use of the
fixed wings for lLift in forward flight.

One force that must be reckoned with in helicopter design is
rotor torque, the tendency of the helicopter’s fuselage to spin in
the opposite.direction from its rotot. Torque is an ¢example of New-
ton’s third law, concerning action and reaction. Several means have
been devised to overcome this force. One is the use of a small rotor
on the tail of the helicopter mounted perpendicular to the main rotor
and designed to produce thyust— as a propeller does—in the op-
posite direction from the torque action (Fig.-63). Some helicopters
have dual main rotors, one mounted beneath the other, which turn
in opposite directions. This system “washes out”, or eliminates, most
of the torque, and vertical stabilizers take care of the rest. The large
helicopters with two_engines and two rotors may be designed to use
a counter-rotating system also, with the torque eifect of one engine
balancing out that of the other.

.

»

SOME IMPORTANT SYSTEMS

»

The jet engines that power our modern aircraft are fitted with
a number of auxiliary systems that may be vital to their operation
or merely added to increase their performance, This list includes
starter, fuel, and lubrication systems, water injection systems, thrust
Teversers, und noise suppressors. Some auxiliary systems and modi-
fications are added for reasons of environmental protection.

Accessory Section

The mechanical controls by which some of the auxiliary sys-
tems are operated may be found in the accessory section ‘of the
engine. In this section are found the engine’s clectric starter, ‘gen-
erator, oil and fuel pumps, hydrauli¢c pumps, and other devices.

The accessory section is usually housed in the front part of the
engine, under the diffuser cone in the air intake section. In some
engines, howaver, the accessory devices have been relocated to the
sides and bottom of the engine for improved air intake perform-
ance.

Starting the Epgine

Starting the jet engine is not as easy as starting the recipro-
cating engine because we must bring the engine up to substantial
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speed to get sustained 1gmtxon About ten times as much pcw*r is
requnred to siart a jet engine as is needed for a reciprocating en-
gine of comparable power. We need not only more power, but
also more time, since it takes a while to get the engine up to 1gm-
tion speed.

Usually, the aircraft's electncal starter, mounted in the acces-

sory section, is a rather heavy motor which requires an outside
" power source for its operation—that is, an electrical connection
with a power source on the ground. When' the engine is started
and brought up to idiing speed by the starter motor, it begins
to generate its own direct current for use by the other engmc sys-
tems.

Sometimes air starters are used instead of electrical starters. In
this case, a strcam of air is pumped throu;;h the turbine-like
starter. The starter turbine is linked to the engine's rotor shaft and
it accclerates the engine to ignition speed. The air stream that
activates the starter turbine is generated by a ground-based gas
. turbine engine. Some of the larger aircraft—the C-130 for ex-
ample—have an internal air starter called a gas-turbine compressor
(GTC) which will start from the aircraft battery, eliminating the
need for an extsrnal power source.

Somenmes, through a combination of factors, a ]et engine may
experience flameouf—the extmgunshmg of the fire in the engme
This may occur if engine speed is allowed to fall below what is
requnrcd to maintain proper airflow and ignition, or when fuel/
air mixtures change so quickly that combustion in the burners fails.
A pilot may be able to restart his engine in flight by going into
a dive and relying on the resulting ram air to get the compressor
up to ignition speed again, but the usual procedure is to bail out
of the .airplane and let it crash,

Fuel Systems

Jet engine fuel controls are complex instruments that must take
into account a number of factors, such as airflow, pressures
within the engine, tailpipe temperatures, and fuel/air mixture at
any given moment. The controls must be designed to regulate
the fuel flow into each burner at each instance in response to
" the pilot’s change of throttle lever position.

Modern fuel supply systems meter the fuel flow according to the
air flow, which may vary with any combination of engine speed, air-
craft speed, and air densify. Limits aic set on the systﬁrl to avoid
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‘excessively rich fuel/air mixtures and to eliminate flameouts. A

System of automatic controls linked to the pilot’s throttle control
lever assure proper fuel flow for the engine’s demands.

TN 3

Lubrkado;: Systems Q

Jet engines are relatively simple to lubricate. This is true because

they do not have a great many moving parts, and because only the
turbine wheel (of all the moving parts) is subjected to the high
heat of combustion. 7

Although wet sump lubrication systems have been used in jet en-
gines, the modern jet typically employs the dry sump system
similar to that shown in figure 64, The oil supply in this system
is located in a tank outside the engine, and prassure and scavenging
pumps usvally are mounted in the accessory section. Another scav-
enging pump may, be mounted towards the. middie of the engine.
The system sprays lubricating oil on gears, bearings, and drive
mechanisms, whers necessary. ) .

Scavénged oil goes thiough a cooler, where it is cooled by fuel
"that is on its way to the engine’s fuel manifold. The oil in a jet
engine is not exposed to combustion heat, but must withstand high
temperature in the rest of the engine. In some cases, synthetic
lubricants are used instead of natural oil. )

Water Injection

Many jet engines are fitted with water injection systems which
can spray water into the combustion chambers as a means of in-
creasing mass airflow through the engine. The water not only
adds its own mass to the flowing matter, but cools the engine tem-
peratures so that more fuel is burned in an attempt to bring the
engine back to normal operating temperatures. The extra fuel

" increases the intensity of the combustion in the combustion cham-
ber, and increases the velogity of the exhaust gases,

The tailpipe section alsq.is affected by the cooling effects of
water injection on the exhaust gases, Many tailpipes have auto-
matically regulated orificeé‘_; or openings, through which the ex-
haust 'gases escape. As the temperatures of the gases drop, the
tailpipe orifice closes somewhat as a means of ‘bringing the tem-
perature of the gases back to their most efficient heat. When the
tailpipe opening is thus constricted, the velocity of the exhaust
gases increases, and thrust increases, with it,
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ail inta the engine’s bearings and other moving parts. Principal parts of this dry

sump system are the storage fank, the oil lines, pressure pumpy, ol [ets ot each

bearing point, scavenge pumps, and an ail cooler. In this Mustratien, the blue lines

denote oil on its way ta lubrication pcints, while the red fines represent scavenged
oli rétuming 1a the starags tank.
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Thrust Reversers L ) e

. One big problem in the use of jet aircraft is the need for long
runways for landing. The thrust force of the jet cannot be re-

. versed in the same manner as the thrust of the propeller.

Early attempts at braking the jet aircraft made use of a para-
chute, which would, when released by the pilot, flare out behind
the aircraft, The drag caused. by the parachute slowed the plane
down and reduced the required length of the landing strip. ‘

But the drag chute was not entirely satisfactory. For one thing,
its braking power.could not be controlled by the pilot—it was

o a1
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2. Lubrication Element ‘6, Damper-beating Ol Jet 10, By-pass Valve
3, Scavenging Eiement 7. Aft-beating Oil Jet 11. Oif Coolet —
4. Forward Bearing » . 8. Scavenge Pump 12. Oil Filtes
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Figure 64. The: lubrication system of the turbolet engins is designed ta.spray lubricating ‘
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all or nothing, since the parachute would open fully when released.
For another thing, it had to be repacked after each use.

Two types of niechanical thrust reversers have been devised
and are in use on some jet aircraft today. These reversers are
used on aircraft equipped with turbofan engines and in some tur-
bojet-powered aircraft.

One of these reversers, called the fan and aft reverser, is shown
in figure 65. It affects the airstream in the bypass duct in front of
the engine and at the exhaust nozzle in the rear. The “aft” part.
of the fan and aft reverser is connected to the exhaust nozzle in
the tailpipe section of the engine. Its three principal parts are a

\ Y
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Figure 65. During normal flight, the airflow of the fusbofan engine flows rearward

without obstruction, as In the jop drawing. When the fan and aft thrust reverser Is

in operation (bottom) blocker doors reverss the bypass air flow and reversing gates

in the exhavst section turn the exhaust gases back through cascade vanes. With the
thrust reversed, the reaction stops and the aircraft is braked.
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set of clamshell-type doo\rs, called reversing gates, inside the tail-
pipe; a set of vaned openings, called cascade vanes, in the side
of the engine; and a sliding sleeve which covers the cascade
wvanes uptil the thrust reverser is activated. ~

As figure 65 shows, when the fan and aft thrust reverser is
activated, the sleeve slides rearward, opening the cascade vanes
on the side of the engine. The reversing gates swing shut, block-
ing the straight rearward thrust of the exhaust gasis and forcing
them cut the cascade vanes, at an angle slightly forward of per-
pendicular to the straight rearward flow.

At the same time, blocker deors in the engmes fan section
move into the bypass duct, forcmg the bypass anr to reverse at
about the same angle.

Another type of thrust reverser, shown in figure 66, operates
only at the rear of the engine. It consists of exhaust deflectors
mounted on the outside frame of the tailpipe section, and can be
used on turbojet as well as on turbofan engines. When this re-
verser is activated, the.doors swing shut and the exhaust gases
are diverted slightly forward. On this type of reverser, the doors
are mounted externally, there are no, cascade vanes and there is no
sliding sleeve. When this reverser is not operating, the deflectors
form an extension of the tailpipe (Fig. 66). Using the mechanical

TAIL PIPE

N
S ,
5 ; ' 5
2 =]
4 [*4
B [
" EXHAUST DEFLECTOR .
FORWARD THRUST POSITION REVERSE THRUST POSITION

1

Figure 66. In the turbojet’s simple tallpipe thrust reverser, the exhaust deflector acts )

as a part of the tailpipe when in the forward thrust position {left), but swings shut
when activated and deflects the exhaust goses back toward the front of the aireraft.
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thrust reverser allows the piiot to maintain full engine power while
landing. In case the pilot has to pull cut of his planned landing,
maximum thrust can be obtained immediately by retracting the
thrust reverser doors, '

. Nolse Suppression

Since they first came into use, jet-powered aircraft have been
noted for the loud, objectionable, noises they make. These noises
in the conventional .turbojet are caused by the movement of the
high-velocity jet stream. (exhaust) moving through the" relatively
quiet, still air around it. The sound of the high-speed air is of
low frequency, and travels farther than would a - higher-pitched
sound of the same initial intensity, These loud necises are more

. of a nuisance than a real threat; they annoy passengers in the

aircraft and people on the ground, particularly people who live
near airports. But sustained, loud exhaust noises also can have a
bad effect on the efficiency f the crew.

There are important factors that work aqainst effective noise
control measures. One serious complication is that every noise
suppression method devised so far has reduced the power of the
engine’ it is used on. With reduced power available to propel the
aircraft, the margin of safety is redyced correspondingly.

Human nature also has worked against efforts to keep the
noise annoyance factor down. The simplest way to control the
annoyance is to move the noise away from populated areas. At-
tempts to do this by moving the airports to areas where no one

lives—have failed, however; for economic reasons. When an air-,

port is built, the area round it becomes desirable for residential
and business development; but the people who build houses and
shops near the new airports then complain about the noise.

And so0 the search for effective noise control continues in the
laboratory. Researchers representing engine manufacturers and
government agencies—including the Air Force and the National
Aeronautics and Space Administration—have worked for years to
devise methods to curb éngine noises as much as possible, Re-
search is continuing not only in the areas of engine design and
materials development but into the very nature of sound: to con-
trol noise, we must first understand what it is,

Much of the sound abatement (reduction) effort of the past
few years has consisted of wrapping the engine and its parts,
wherever possible, in biankets of gccustical (sound-absorbing) ma-

* terials or of coating certain portions of the engine’s surfaces with
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noise-deadening substances. The limits of effectiveness of this
approach appear to have been reached, but engine noise levels
¢ -still are unacceptably high.

Efforts now are being concentrated toward redesign of the en-
gines to build more quictness, into them. One type of silencer is
a set of airfoil-shaped projections built into the exhaust nozzle of
the engine. These spades, as they are called, actually change the -
shape of the sound waves so that t€y get out of the nozzle
faster and react less with the metal insides of the engine’s ex-
haust section. These spades serve to break the large exhaust
stream into smaller streams, at the same raising the sound fre-
quency (in part) ouside the range of human hearing.

The coming of -the turbofan has been beneficial in the quest
for quieter engines. In the first place, turbofans are quieter by na-
ture than are turbojets. In the second place, turbofans are eas-
ier to mqgify or redesign for extra quietness. Some success has .
been reached by making the fan's blades longer, so it can move a "
greater mass of air, and at the same time eliminating a smaller
second fan stage. This is known as a high bypass engine.

The search for quietneéss is not limited to jet propulsion engines,
however. Experimentation also is in the works on helicopters and
reciprocating engines.

Helicopter makers have found that modifications to the rotor N
tips can soften the noise-making impact of the blades on the air.
They have also found that by adding rotor blades, they can. get
comparable lift at slower rotor speeds; and- slower rotor speeds
mean quieter operation. Helicopter makers have also made use of
acoustical blanketing to absorb some of the noise of the engines
they use. )

Newly designed reciprocating engines are being produced that,
compared with engines of similar power output, offer noise reduc-
tions of up to 30 percent inside the aircraft and up to 50 percent
outside. Amung their quieting features, they employ a system of
hydraulic cylinders to replace some of the noisy mechanical de-
vices of the conventional reciprocating engine. Manufacturers of .
these engines hope not only to make aviation quieter, but to gain
an economic benefit by slowing the trend toward the use of
turboprop engines in low powered aircraft. .
Many of the advances discussed here are experimental, or are
just out of the experimental stages and have not yet been put
into widespread use. However, government regulations on noise
control may hasten both the development of guieter engines and
their adoption by aircraft operators. '
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. Pollution

. \ . .
Governmental regulations also have been put forth regarding air
pollution, commonly cited as a nuisance of air travel—especially
of jet air travel. As in the case of noise suppression, experimenta=~
tion- and research is under way in the field of controlling environ-
mental pollution caused by jet engines. Bere, the problem seems
somewhat more complicated than in the area. of noise suppression,
for the cure of one problem increases another problem.

The main pollutants from jet engines are unburned hydrocar-
bons, carbon monoxide, and nitrogen oxides, The most visible of
these is unburned hydrocarbon—the heavy black smoke that
sometimes pours from the engine on takoff and landing,

Most of the reséarch has been aimed at eliminating the visible
smoke and has centered around- increasing engine temperatures,
especially in the combuster. The development of new combustion
chambers and of certain fuel additives has brought engine tem-
peratures up and has virtually eliminated the smoke from the new
engines.

This step, however, has not improved the situation as regards
the other pollutants, carbor mondxide and nitrogen oxides. These
gases are invisible, but are a mucl&more serious threat to the en-
vironment than smoke is. Carbon~mlonoxide is a.deadly gas to in-_
hale, but that does not seem to be the main problem. Environ-
mentalists fear that the long range effect of discha}ging this gas
into the atmosphere in great amounts will be the drastic alter-
ation of the earth’s climate.

Nitrogen oxides are recognized as a threat since they a_ré an
important ingredient in the production of photochemical smog.
Smog is the result of the “chemical action of sunshine on certain
gases. In concentration, it stifles the lungs, burns the eyes, and can
make the body susceptible to various illnesses. Smog and nitro-
gen oxides color the air a yellowish brown, and ajrline pilots
say that every major city in the United States and the world is
enveloped to some extent in this yellow-brown blanket,

In attempting to solve the smoke problem, engine manufac-
turers may be increasing the nitrogen oxide problem. Since the
smoke is mostly unburned fuel hydrocarbons, higher tempera-
tures will burn these hydrocarbons more thoroughly and elimi-
nate’ the smoke. But increasing exhaust temperatures increases the
chemical  reaction by which nitrogen oxides are formed from
the air outside the engine. The heat causes the nitrogen and the

*
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oxygen in the atmosphere to react, resulting in the poisonous
gas. . .

Research continues into these connected problems, and igvolves
alternative approaches such as fuel modificatian. Other approaches
include more basic research into the real causes of pollutants, how
to measure them, and how to eliminate them. But the problem of
air pollution promises to be a tough one to solve.

COMPARISONS

Some of the disadvantages of the jet engine today, as com-
pared to the reciprocating engine-propeller combination, are: high’
fuel consumption at low speeds, high materials costs, both in manu-
facture and in maintenance, exterior noise; length requirements for
air strips used, and the possibility of damage to the engine from
objects sucked intq the air intake. Continuing research and de-
velopment. huwever, promises to ease all or at least some of these
problems. : )

The. jet's advantages over the “conventional” engine include:
freedom from vibfation, since all the moving parts rotate instead of
reciprocate, simplicity of design and operation, less interior noise,
higher thrust-per-pound ratios, higher speeds, and feduced firc

hazdrds, since the fuels used in jet engines are less volatile.

. WORDS AND PHRASES TO REMEMBER
"abatement . crossover tube
accessory section . ~ diffuser i
acoustical mateérial B drag chute
afterburner - electrical starter
air starter K exhaust deflector
axial flow efigine A exhaust nozzle v
carbon monoxide . . exhaust section
cascade vanes ‘ ' * fan
centrifigal flow engine fan and aft reverser
combustion chamber flameholder
compression ratio flameout
COMPressor - fuel nozzle
compressor rotor _ oo gas turbine
compressor stage . gas turbine compressor
compressor stall grill assembly
compressor stator helicopter rotor
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high bypass enging ~ ] Scramjet
-——hydrocarbons , sleeve

ignition plug spade

inner (combustion) chamber split compressor

jet propulsion thrust reverser

mach - . . turbine stage

nitrogen oxides turbine wheel

outer (combustion) chamber turbofan

photochemical smog turbojet

pulsejet tupboprop -

ramjet ! turboshaft

reversing gates . V-1 missile

rotor torque ) water injection system

. ' QUESTIONS

N é
. ”
1. What are the four main sections of the jet engine? .

2 Name some similarities in and differences befween reciprocating and fet
eng!ngs‘.

3. How does the ramjet differ from the pulsejet, both in construction and
performance? How do these engines differ from the turbojet?

4. What Is meant by the word; “mach”?

5. Whjt are some advantages of the furboprop engline over the conventional
propéller-type engine?

6. Why is thre turbofan engine the most satisfactory jet engine so far de-
veloped? .

7. How does the water Infection system increase thrust?

- 8, Why are there no supersonic helicopters?

9. What are the differences fn the starfer systems for jet and for reclprocatlng
engines? How about the lubrication systems?

10. In view of the nolsc nulsance created by jet engines, do you think re-
ciprocating engines w‘,m come back into prominence? Explain your answer.
b
THINGS TO DO

-]
{. Turbine engines power many kinds of jet aircraft. Find out and report
on some other uses for turbine systems. Include proposals and current
developments in your report.

2. Some modern railroad trains are powered by turbine cngines. Through

research, find out how these engines resemble the turbine engines that”

power aircraft, and how they differ. What are thc advantages of turbine
engines for ground vehicles over the more traditional powerplants?
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3. Find out what the current federal regulations are concerning aircraft
engine noise and pollution, and how well these standards are being met.
What is the effect of these regulations on military aircraft? How does the
noise problem affect plans for the development or use of suparsonic
commercial transport planes in the United States?

4. Find out why turbine-powered racing. cars do not compete in races such
as the Indianapolis 500. Have they ever competed there?

SUGGESTIONS FOR FURTHER READING
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SUMMARY:
PROPULSION'S EVOLUTION

Aircraft powerplants d«-:velopcd through the work of many men,
over a period of many years. Americans wess the first to achieve

*powered flight of heavier than air machines, bv! they built their

success on a base laid by Europeans. While the Europeans were
experimenting with approaches to usable mechanical power,
America was still trying to build a solid nation, to conquer a
continent, and to subdue a wilderness that was considered a threat
rather than an asset. A few historical incidents can suggest, per-
haps, why America trailed Europe for so long in developing a
workable aircraft engine. ' ) ’

The origins of the first successful aircraft engine must be found
in the piston-moving steam engine, invented by James Watt of
Scotland. Watt invented his engine in 1769, the same year Na-

poleon Bonaparte was born, and four years before the Boston

Tea Party. Changes in the steam .engine were made gradually. In
1820, W. Cecil reported the development of an internal com-
bustion engine in England. That same year in the United States,
Congress voted to allow slavery in Missouri but nowhere else
west of the Mississippi and north of the Missouri rivers. In 1860,
the first Pony Express mail scrvice crossed the American West,
Abraham Lincoln was elected President of the United States, and
J. J. E. Lenoir of France designed the first practical internal com-
bustion engine. Germany’s Nikolaus Otto came up wijth a coal
gas-burning engine in 1876, the same year Gen George Custer and
his troops were wiped out by Indians on the Little Big Horn
and Wild Bill Hickok was shot down from behind while playing
poker. Gottlieb Daimler, another German, invented a high-speed
gasoline engine in 1883, three years before the Apache Indian
Geronimo surrendered to the US Army. Finally, in 1903, the
Wright brothers combined aerodynamics with an engine of suf-
ficient power to get theit “Flyer” off the ground. That was the
year the’ United States agreed to dig the Panama Canal, and four
years before Oklahoma became a state.

These historical parallels may demonstrate how long the search
lasted for a useful aircraft engine. They also point up the speed
with which the engine was developed from its first success to its
present point. Of course, many factors other than American inter-
est have contributed to this development. But the entry of this
country into aviation rescarch, after a slow start, had significant
impact on progress in that field.
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Figure 67. The P-80 Shooting Star, America's first operotional fet airplons, came into
service in 1944. Germony, Maly, and Great Britain had already, flown jots successfully
by that time.

Scientific developments in the field of aircraft propulsion have
not stopped in the past few years. Even though the emphasis has
been mostly on space, there has been steady progress in develop-
ing airplane propulsion systems also—but with a difference. The
historical quest for ever more powerful engines and for faster and
faster aircraft has shown some signs of leveling off, and the trend
now seems to be toward refinements of our engines to make them
quieter and more economical. Along with the new concepts ‘and
new engine types that are being tried out, the “basic” ma-
chines wexhave discussed here are getting better and better.

Developments in the field of jet propulsion are an ‘example.
America's first operational jet fighter was _the R=80 Shooting Star
shown in figure 67. When news of this aircraft was announced in
1944, the P-30 was said to be capable of speeds above 550
miles. per hour, with a ceiling of 40,000 fect. By the mid-1960s
jet propulsion had been developed fo such a degree that two
turbojet engines could power one of the United States recon-
naissance aircraft (the SR-71, shown in figure 68) at more than
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Figure 68, Two J58 turboje! engines with afterburner power the SR-71 strotegic
reconnolssonce olrcraft, the free world’s highest-flying ond fastest ofreraft.

L]

2,000 miles per hour and at altitudes around 80,000 fcet. Each
engine on this missile-shaped aircraft develops 30,000 pounds
of thrust, .

The F-4 Phantom fighter, in heavy use, is powered by two
turbojet engines developing 17,900 pounds of thrust each, a mea-
ger amount compared to the SR-71. But the Phantom can move
at mach 2.5 plus (more than two and a half times the speed of
sound) and can operate above 66,000 feet. It has climbed to an
altitude of 98,000 feet (18.7 miles) in six minutes, 11 seconds.

The F-111 all-weather fighter-bomber has a number of unique
features, ‘including variable wings, as shown in figure 69. dts
wings ca extend straight out, allowing effective operation " at
spéeds as low as 100 miles an hour; or they can be swept back
in flight to allow faster spceds. Two turbofan engines of up to
25,000 pounds of thrust power the F-111 to speeds approach-
ing 2,000 miles ad hour, Its operational ceiling is more than
60,000 feet.

Six turbojets, developing 33,000 pounds of thrust each (with
afterbirner), powered the now defunct XB-70 experimental
bomber. This aircraft was designed to move at more than 2,000
miles an hour and to operate at altitudes of about 70,000 feet. .

Turbofans mounted on the commercial 747 jumbo jetliner de-
velop more than 42,000 pounds of thrust each, and continuing
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Figure 69. The F=111 hos variable wings thot con be extended for tokeoff and londing
and for slow flight, or swept back for high-speed flight. Powered by two turbafon
engines, the F=111 con fly of speeds in the areo of 2,000 miles Per hour.

development has brought more size and power to the jet engine
field. Turbojet cngines designed for the American version of a
supersonic transport (SST) developed more than 50,000 pounds
of thrust cach. ,

But there are signs that useful limits may have been reached, at
least for the timc being, in the amount of power we need from
engines that power air-breathing aircraft. The limits seem both
political and practical. The political issues include questions of ex-
pense and environmental considerations.

There are firm examples that the ecological limits have been
reached, for instance, the public outcry over noise and air pollu-
tion, espccially around airports. The American SST was aban-
doned (a political decision) in the wake of public alarm at its
cost tag and its potential for ccological damage, particularly the
sonic boom—the explosive sound caused by the shock waves re-
sulting when an aircraft passes the speed of sound. So effective
were the protests against them involving environmental harm that
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SUMMARY

supersonic transports have been forbidden to operate at American

airports.

' The Anglo-French supersonic transport, Concorde, was ex-
pected to be the hit of an air show in England in 1972, and it
did get attention when it roared past the crowd. But the show was
stolen by the subsonic L-1011 TriStar, with its very quiet and
smokeless turbofan engines. The question has been raised as to
whether we need a supersonic transport at its financial and

“ecological cost, Would its advantages be overcome by the dis-

comfort it would cause for people who do not fly?

As for military aircraft, the newest Air Force planes are not, in
most cases, significantly faster than the aircraft they will replace.
There are limits to the amount of useful speed, and these secem
to have been reached—at least for now. But the new aircraft
incorporate new and advanced technology which make them su-
perior in other ways than speed. ‘

The new air superiority fighter, for example, the F-15 kagle,
shown in figure 70, is designed to operate at around mach 2,
which is not excessively fast, and at relatively, low altitudes. How-
ever, the mancuverability of the Eagle and the fact that its en-
gines develop more thrust than the weight of the aircraft itself
make it a formidable—we hope, invincible—weapon, Similarly, the

Figure 70, The F~15 Eagle is extremely moneuverable ond very fait aiccraft-developed
as an oir supariodity fighter. It Is powered by two smokeless tusbefan engines.
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developing new ground support aircraft, the A-10, is subsonic, but
well fitted for its particular job.

The proposed new strategic bomber, the B-1, will be super-
somc, while the B-52 it replaces is not. But at the same time, there
is under development a subsonic cruise armed decoy (SCAD),
powered by a small turbofan engine. SCAD is a missile that can
be carried by the F~52 in numbers up to 20. On the radar screen,
it looks like a B-52; armed with a nuclear warhead, it can act
like a B-52, which means an enemy will have to cope with SCAD
just as he would with a real botber. This missile is expectcd to
prolong the service life of the B-52: considerably.

In the area of transport aircraft, the Air Force’s newest is the
C-5. Big and pnwerful—nts turbofans develop 41,000 pounds of
thrust each—the C-5 is subsonic.

Today's aircraft are ‘being designed for specific jobs, and those
jObS do not nccessanly call for very.high speeds or very powerful
engines. We have engines now that take us to the point where
anything more could be done better by ballistic missiles or other
rocket-powered craft. And so the concentration has shifted to im-

provement of thcse cngines, and of making engines to suit neg- . -

lected types of aircraft such as the Short Takeoff and Landing
(STOL) planes. We want power, but we also want efficiency,
economy, quietness, and cleanliness.

From a modest beginning at the start of this century, the air-
craft engine has developed to the point that it can perform any
job demanded of it, from very slow flight to flight several times
the speed of sound, from low power to enough strength to lift
hundreds of thousands of pounds of aircraft and cargo into the
air, from ground-hugging flight to performance at the edges of
space. There are under development air-breathing engines capable
of bridging the gap between atmospheric flight and near-space
maneuvers but these cngmcs (Scramjets) are beyond the scope of

‘this book.

Aircraft propulsion systems have taken us to the edge of space.
The rocket engines discussed in Aerospace Education III take
over the job of propulsion at that point.




INDEX

The following is u list of subjects of interest to the study- of
aircraft propulsion systems, including many of the terms listed in
the “Words and Phrases to Remember” sections at the.end of each
chapter, plus other entries. Terms in this list are ade‘quately -@X-
plained in the text, usually where first mentioned. Page references
locate passages where the items are defined, discussed, or ex.
pldined, as necessary.

A SST, 124, 125
*STOL, 126
Accelorating system. See Corburetor ac- X8-70, 123

cessories

Accsleration, 13, 14, 87,-88 4 Alrcraft power tourcesr benzine, 6; elec.

tricity, 6; kerosene, 38; 39, 98; gaso-

Accessory section, 109, 110 line, 6, 9, 38, 39, 4345, 48; muscle,
Afterburner, 93, 101, 102, 105-106 4; steam, 5
Aiteratt: Air, nature af, 3, 4
A-7, 106 Augmsnter tuke, 31
A"'Ol "26 ' B
51, 126 ) y
852,102, 103, 106, 126 Balloon, 4, 5. See qlso Dirigible
Boeing 707, 102, 106 Bank. Soe Cylinder: bank
Boeing 720, 102 Barnett, William,
i Bocing 727, 106 Bernoulli's principle, 45, 48, 74
Boeing 747, 106, 123 Borelli, G. A., 4
C-5, 106, 126 . c
C-130, 104 .
C~141, 106 Caley, George, 7 -
Convair 580, 104 Cam ring. See Ring, cam
DC-8, 102 ) Camshaft, 20, 22, 24
DC-9, 106 Caproni, Giovannl, 11
P4, 102, 122 N Carbon monoxide, See Polluticn
Carburetion, 43-45
F-5,102, 122
s Carburetor, 38, 39, 44-54, 57, 69; icing,
F-15,106, 12 39, 50, 83, 57;-floot, downdraft, 52,
F=111, 106,123, 124 53; float, updraft, 45-48; pressure
Flyer, 2,8, 9,121 injection, 45, 53, 54
Carburetor accessories, 48-54; accelerat.
KC-1353, 106 ing system, 49, 50; automatic mixiure
L-1013, 123 control, 53, 54 economizer, 49;
* ME-262, 1 heater, 50, See also, Supercharger
Qrnithepter, 4 Cecil, W., 5, 121
_ Qv-10,104 . Chcu;:m,I Octavo,: ke ond
P-80, 11, 12, 122 Com‘::rs;kczn. See Four stroke cycls: power
!
SCAD, 126 Combustion chamber, 89, 90, 91, 93, 94,
SR-71, 102, 122, 123 98-99, 104, 105
127
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+ Combustion section, 88, 98-99

Compnuton;z of alr, 8890, 93-98; ~of

Cemprastien ratio, 25, 95, 96

Cemprassion stroke. See Four stroke cycle

. Cemprassor, 11, 93, 100, 104 axial flow,

© .. 93, 95-97; centrifugal flow, 93-93;

. .dual, 96-98; rotor, 93-95; stage,
94-95; stali, 98; stator, 9393

. Cemprassot section, 93 v

. Condensér. See Ignition system

(}ooling, 27-32, 34 -

Cowling, 3

« Crankcasé, 26

Crankshaft, 20, 22, 23, 24, 34, 56, 68, 74

Crossover tube, 98, $9

Custer, George, 121

Cylinder, 20, 23-29, 56, 69

{ Cylinders bonk, 33; barral, 33 head, 22,

I

33; master, 28
* D

Baimler, Gotilieb, 6, 121

~=Da Vingd, Leonardo, 4
De Rochas, Alphonss Beau, 6
Diasal angine. See Engine, disse!
Diesel, Rudolph, 25
Diffusar. See Intake section
Dirigible, 6. See also Balloon
Distributor. See igniton system

. E

Electrical system. See lgnition system
Elactricity, 58-60, 67, 68; altemating .cur-
rent, 80; direct currunt, 60; electroino.
tive forco, 39; lonizatlon, 5% salfs
tnduction, 63; voltage, 59, 61, 64. See
alio Electromagnetic Induction
Efectromognatic Induction, 61, 62
Electromotive force, 59, See also Electricity
Energy, 39
Engins, distel, 25-24 -
Engine, jet,” 11-13, 15, 19, 58, 83-102,
105-106, 115-118, 122-124; prin-
. ciples of operation, 87 pulsejet,
. .. 90-92; ramjet, 88-90, 101; Scramiet,
: 90, 128; turbofan, 104-106, 113, 114,
116, 123, 125, 124; turbolet, $2-104,
106, 113, 122-124, See clso, Engino,
turbine
Englne, reciprocating, 12, 15, 19-34, 80,
86-87, 91, 102, 104, 105, 107, 109,
116, 118; in-line, 10, 26; opposed, 26,
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71; radial, 8, 28, 29, 73; “V", 26,
27;. X", 26, 27
Engine, steam, 2, 4,5 13 .
Engine, turbine, 93-111; turboprop, 102-
105, 107; tutboshaft, 107. See also,
Engine, ef: turbofan, turbolet
Exhaust, 87, 88, 93, 99, 100, 101, 105,
1, 113-16
Exhaust section, 88, 100-101, 105
Exhaust afroke. See -Four stroke cycle
Exhaust valve. Ses Valve, exhaust
Extetnal combustion, 2, 11

- F
Firing order, 25, 66, 67

Hlame liolder, 89, 101. Sce alsa After-.

burner; and Engine, jef: ramlet
Flamsout, 110

Force. See Powar terms

Four stoke cycly, 6, 20, 23-25, 56, 84,
87; compression, 20, 23; exhaust, 20;
ignitiors, 20; iIntake, 20, 23; power
(combustion), 20, 23-25

Ft/3ec®, 14 .

Fuel, 23, 38-42, 4%; 98, 118; backfiring,
40; clacnliness, 43; detonation, 40;
fuel/alr charge, 23, 39-40, 43-43;
flask point, 38; knock, 40-43; lean
mixture, 40, 44, 45; octane raling,
40-42; pre.ignition, 40; .rich mixture,
44; 45, 111;.01ability, 39; vapor lock,
39;- volatility, 3840, See also, Alr.
craft powar sources

Fue! Injection, 54-58; intake mstering ays:
tern, 56-57) mass air flow system,
5556

Fusl system, 38, 42-58, 69, 110~111; fuel
faading, 42-43. See also Carbureter;
Fusl system; and Supercharger

G

Gas turbine. $ee Turbine
Gears, reduction, 74, 104, 107
General aviation, 19-20
Ganerator, See Ignition system
Geronimo, 121

Giffard, Hend, §

Gliders, 7-8

Haetfain, Paul, 6
Helicopter, 106~109
Heal, 30, 33, 69, 71, 98-101
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Hickock, Wild 8ill, 121

Horsepower, 12, 26, 28-29. See alse
Power terms .

Hydrocarbon, 38, 40, 117, Ses alse Pol.
lutlen .

d [

Ignition, 58

Ignition plug, 88, 89, 99

Ignition stroke. Ses Four stroke cycle

Ignition system, 38, 58, 61-48, 69; booster
coll, 68; brecker point, 85, 68; con-
denser, 65; contact point, 67; dis.
tributor, &3, 67; generator, 58; mag.
neto, 58, 62-65, ¢8; magneto colls,
63-65; solencid, 68; spark plug, 23,
63, 67, Ses olsa Starling systems

Intake: manifold, 48, 30, 52, 54; section,
88, 90, 93, 109

Intake stroke. Se® Four stroke cycle

Intake valve. See Valve, intake

‘Internal combustion, 2, 5, 6, 8, 9, 11,

4 J

Jot propulsiop, 10, 11, 85, 67, 88, 104,
105, 122, Ses olso Engine, [t

i

Langley, Samusl, 8, 9

Laws of motion, 13, 73, 87, 109. See also
Newton, lsaac

Lenalr, J. J. E, 6, 121

Lillenthal, Otto, 7

lincoln, Abraham, 121

Lines of flux. Sse Magnetic lines af flux

Llubricating olls, 69-71; detergents, 71,
flash point, 70-71; pour polnt, 71;
viscotity, 70

Lubrication system, 38, 69-73, 111; dry-
sump, 73; presiure pump, 71; sca-
venger pump, 71; wet sump, 71-73,

See olio lubricating oils

M

Mach, 90

Magnetlsm, 58, 60

Magnetict clrevlt, 60; field, 60, 61; lines
of flux, 60-63. See clto Eleciromage
natie induction
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Magneto, See Ignmon'symm
Manly, Charles, 8, 9 -

Mass, {3, 87-88, 1!

Materials, 2, 6, 11, 32-34, 100
Mechanical system, 20-25, 37, 69
Missilest, )

Boma € 90-91 9
Hound& Dog, 102, 103
V-1, 91, 92

N

National Asronautics and S};au Admin.
istration, 115

Nitrogen oxides. See Poliution
Moss, Sanferd, 11

Newton, lsdac, 10, 11. Ses aolic Laws of
motlon®

Noise suppression, 115-116, 117
0
Ohain, Hans von, 11

Oil. Ses Lubricating oils
Otto, Nikolaus, 6, 121

P

Pilcher, Percy, 7 .

Piston, 20, 22-24, 33, 68, &9

Piston ring. Ses Ring, plston

Piston rod. Ses Rod, connecting

Pitch, propeller, 75. See alsa Propeiler,
types of

. Pollution, 117~118, 124-125

Power stroke. Ses Four stroke cycle

Power terms, 1)=13, 87-88; force, 12-14,
87; horsepower, 12-13; thrust, 13~14;
thrust horsepower, 15; work, 12-13

Propsller, 8, 10, 23, 30, 38, &9, 73-80,
86,.102~105; as airfoll, 73; efficlency
of, 74, 80; featheting, 79; forces act.
ing on, 76~77; motion of, 73, 74;
nomenclaturs, 74; reversing, 78-79;
windmilling, 79; types éf, 78

Pulsejet. Ses Engine, [et

R

Radial engine. See Engine, reciprocating
Ramjet. See Engine, [e!
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r'loocﬂon englne, 80,.81. See
l . propulston
’ ’Ringz cam, 22, 23; piston, 70,
Rocker arm, 22, 24
Rocket, 80, 81, 90, 126 .
Rod: articulating, 28; connecting, 20, 22,
23, 28, 34; master, 28

Rotor. 5ee Compressor; Helicopter; and
Turbine

Rotor pitch, 108
Rotor torque, 109

alse Jot

n

S

Santos-Dumont, Albo'rto: [

Schwartz, David, ¢

Seramiet, See Engine, jot

Shrinking, 33

Slug, 14

Smog. Ses Pollution

Spark plug. See ignition system

Starting systems, 68; {e1/turbine, _109-110;
reciprocating, 68, 109 )

Superchargar, 50-52; 55; impaller, 51, 55;
turbosupercharger, 51-52

T

Tailpips. See Exhaust

Taylor, Charles, 10

Throtile, 47-48, 53-54, 56, 96, 107
Thraw, crankshaft, 22, 23

Thrust, 12, 73, -87-88, 10, 104, 104,

.
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Swe also Power terms
Thrust horsepower. See Power terms

Theust reverser, 111-115

Tip speed, 74, 80, 104, 105, 107-109
Tissandier, Albert, 6

Tissandier, Gaston, 6

Turbine, 11, 93, 96, 99-100, 102, 104;
stage, 100; stator, 99; wheel, 98-99,
Sae also Compressor; Engine, turbine;
and Engine, jet

Turbofan. See Engine, et

Turbojet. Ses Engine, ot

Turboprop. Ses Engine, turkine
Turboshafi. See Engine, turbina ‘

\4

Valve, 20, 22-24, 33
Valve: afr, 90-91; exhaust, 22-24, 33,
56; intake, 22, 23, 33, 48, 54, 57

' Ventud, 45, 48, 53-54
14

w

Al
Water injection, 111
Watt, James, 13, 121
Whittle, Frank, 11
Weight Brothers, 3, 7-10, 121 .
Vright, Orville, 2, 3, 8
Wright, Wilbur, 2, 3, 8

y A
\
Zeppelin, Ferdinand von, 6

—————

0 -




Te e e T - - P - e tx‘ [y ’n
IS P o

——p—




