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PREFACE

Aviation maintenance technology has undergone tremendous changes in the
past decades. Modern aircraft, with their advanced engines, complex {light
controls and environmental control systems, are some of the most sophisti
cated devices in use today, and these marvels of engineering must be
maintained by knowledgeable technicians. The Federal Aviation Adminis-
tration, recognizing this new generation of aircraft. has updated the require-
ments for maintenance technicians and for the schools that provide their
training. The FAA has also instituted an Aviation Maintenance Technician
Awards Program to encourage technicians to update their training.

New technologies used in modern aircraft increase the importance for
maintenance technicians to have a solid foundation in such basic subjects as
mathematics, physics, and electricity. The Aviation Maintenance Technician
Series has been produced by ASA to provide the needed background infor-
mation for this foundation and to introduce the reader to aircraft structures,
powerplants and systems.

These textbooks have been carefully designed to assist a person in preparing
for FAA technician certification, and at the same time serve as valuable
references for individuals working in the field. The subject matter is orga-
nized into categories used by the FAA for the core curriculum in FAR Part
147, Aviation Maintenance Technician Schools, and for the Subject Matter
Knowledge Codes used in the written tests for technician certification. In
some cases in the ASA series, these categories have been rearranged to
provide a more logical progression of learning.

This textbook is part of the ASA series of coordinated maintenance techni-
cian training materials. The series consists of the General, Airframe, and
Powerplant textbooks with study questions, the Fast-Track Test Guides for
Aviation Mechanics, exam software for computerized study for the Aviation
Maintenance Technician tests, the Oral and Practical Exam Guide, The
Dictionary of Aeronautical Terms, and the Aviation Mechanic Handbook.

Continued

AVIATION SUPPLIES & ACADEMICS, INC.



vi

To supplement this fundamental training material, ASA reprints the FAA
Advisory Circulars AC 43.13-1A and 2A Acceptable Methods, Techniques,
and Practices Aircraft Inspection, Repair, and Alteration, and semiannually
updated excerpts from the Federal Aviation Regulations that are applicable
to the aviation maintenance technician.

Dale Crane
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DEVELOPMENT OF
AIRCRAFT POWERPLANTS

The first man-carrying flights were made in hot air balloons swept along by
air currents and without means for the pilot to control the direction of flight.
Aircraft had little practical utility until the development of engine-driven
propellers. This development of the powerplant has made aviation the vital
factor that it is today in the economic world.

The Principle of Heat Engines

All powered aircraft are driven by some form of heat engine. Chemical energy
stored in the fuel is released as heat energy that causes air to expand. The
expansion of this air is what performs useful work, driving either a piston or
a turbine.

There are two basic types of heat engines: external-combustion and in-
ternal-combustion.

External-Combustion Engines

External-combustion engines are most familiar to us as steam engines. Energy
released in coal- or gas-fired furnaces or in nuclear reactors is transferred into
water, changing it into steam that expands and drives either a piston or a
turbine.

Steam engines were used to power experiments in flight made during the
late 1800s. Dr. Samuel Langley of the Smithsonian Institutionin Washington,
D.C. used small steam engines to power a successful series of unmanned
machines he called Aerodromes. In 1896, Dr. Langley made a number of
powered flights with these models. The most successful had tandem wings
with a span of 14 feet, weighed 26 pounds, and was powered by a one-
horsepower steam engine. It was launched from a catapult atop a houseboat
in the Potomac river, and flew for 90 seconds, traveling more than half a mile.

There was one successful but impractical aircraft steam engine devel-
oped in America in 1933 by the Besler brothers, manufacturers of logging
locomotives. This 150-horsepower engine, using an oil-fired boiler and
having a total installed weight of approximately 500 pounds, was used to
power a Travel Air 2000 biplane.

DEVELOPMENT OF AIRCRAFT POWERPLANTS

powerplant. The compiete installation of
an aircraft engine. propeller. and ali
accessories needed for its proper function.

heat engine. A mechanical device that
converts chemical energy in a fuel into heat
energy. and then into mechanical energy.

internal-combustion engine. A form of
heat engine in which the fuel and air
mixture is burned inside the engine.

external-combustion engine. A form of
heat engine in which the fuel releases its
energy outside of the engine.

piston. The movable piug inside the
cylinder of a reciprocating engine.

turbine. A wheel fitted with vanes or
airfoils radiating out from a central disk.
Used to extract energy from a stream of
moving fluid.

Aerodrome. The name given by Dr.
Samuel Langley to the flying machines
built under his supervision between the
years of 1891 and 1903.
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Otto cycle of energy transformation. The

Our-stroke, live-event. constant-volume

energy transformation used in

ngine.

gas turbine engine. An internal combus-
tion engine that burns its fuel in a constant-
pressure cycle and uses the expansion of
the air to drive a turbine which. in turn,
rotates a compressor. Encrgy bevond that
needed to rotate the compressor is used to
produce torque or thrust.

turbojet engine. A gas turbine engine that
produces thrust by accelerating the mass of

air tlowing through it.

turbofan engine. A type ol gas turbine
engine in which lengthened compressor or
turbine blades accelerate air around the
outside of the core engine.

turboprop engine. A turbine engine in
vhich energy extracted from the acceler-

ated gases 1s used to drive a propeller.

turboshaft engine. A turbine engine in
which energy extracted from the acceler-
ated gases 1s used to drive helicopter
TOtOrs. generators, of pumps.

reciprocating engine. A type of heat
engine that changes the reciprocating
(back-and-forth) motion of pistons inside
the cylinders into rotary motion of a
crankshaft.

brake horsepower. The actual horse-
power delivered to the propeller shaft of an
alreraft engine.

cylinder. The component of a reciprocat-
ing engine which houses the piston, valves,
and spark plugs and forms the combustion
chamber.

Internal-Combustion Engines

The concept of releasing energy from fuel directly inside anengine to heat and
expand the air has challenged engineers since the late 1700s. The expanding
air can drive reciprocating pistons or spin turbines.

Coal dust, gunpowder, and even turpentine vapors have been exploded
inside cylinders, but it was not until 1860 that the French engineer Etienne
Lenoir actually built a practical engine that could use illuminating gas as
its fuel.

In 1876, Dr. Nikolaus Otto of Germany made practical engines using the
four-stroke cycle that bears his name, and it is the principal cycle upon which
almost all aircraft reciprocating engines operate. This cycle of energy
transformation is discussed in detail in Chapter 2.

Gas turbine engines in the form of turbojet, turbofan, turboprop, and
turboshaft engines have revolutionized aviation, and their principle of opera-
tion is discussed in Chapter 10.

Aircraft Reciprocating Engines
Throughout the history of aviation, progress has always been dependent upon
the development ot suitable powerplants.

Aviation as we know it today was born at the beginning of the 1900s with
powered flights made by Wilbur and Orville Wright. The Wright brothers
approached the problems of flight in a sensible and professional way. They
first solved the problem of lift with kites, then the problem of control with
gliders, and finally by 1902, they were ready for powered flight. First they
painstakingly designed the propellers and then began their search for a
suitable engine. Their requirements were for a gasoline engine that would
develop 8 or 9 brake horsepower and weigh no more than 180 pounds. No
manufacturer had such an engine available, and none were willing to develop
one for them. Their only recourse was to design and build it on their own.

The engine, built to their design by Mr. Charles Taylor, had four cylinders
in-line and lay on its side. It drove two 8'4-foot-long wooden propellers
through chain drives and developed between 12 and 16 horsepower when it
turned at 1,090 RPM. It weighed 179 pounds.

On December 17, 1903, this engine powered the Wright Flyer on its
historic flight of 59 seconds, covering a distance of 852 feet on the wind-
swept sand at Kitty Hawk, North Carolina.

Because of Dr. Langley’s success with his Aerodromes, the U.S. government
gave him a contract to build a full-scale man-carrying machine. The steam
engines used in the models could not be effectively scaled up to power this
aircraft, so a better means of propulsion had to be found.

Charles Manly, Dr. Langley’s assistant, searched without success, both
in the United States and Europe, for a suitable powerplant. The best he found
was a three-cylinder rotary radial automobile engine built by Stephen Balzer

AVIATION MAINTENANCE TECHNICIAN SERIES POWERPLANT



in New York. This engine was not directly adaptable to the Aerodrome, but
Manly. building upon Balzer’s work, constructed a suitable engine for it. The
Manly-Balzer engine was a five-cylinder, water-cooled static radial engine
that produced 52.4 horsepower at 950 RPM and weighed 207.5 pounds
complete with water.

On October 7, 1903, the full-scale Aerodrome with Manly as the pilot was
launched from atop the houseboat. As the aircraft neared the end of the
catapult, it snagged part of the launching mechanism and was dumped into the
river. But Manly’s engine, which was far ahead of its time, functioned
properly and was in no way responsible for the failure of the Aerodrome to
achieve powered flight.

Glenn Curtiss was a successful motorcycle builder and racer from western
New York state. The use of one of his motorcycle engines in a dirigible in
1907 got Curtiss interested in aviation, and as a result, he became involved in
furnishing the powerplants for Dr. Alexander Graham Bell’s Aerial Experi-
ment Association. A number of successful aircraft, including the first aircraft
to fly in Canada, came from this group.

Curtiss’s own company designed and built some of the most important
engines in America in the periods before and during World War I and up
until 1929, when the Curtiss Aeroplane and Motor Corporation merged
with the Wright Aeronautical Corporation to form the giant Curtiss-Wright
Corporation.

World Warl, between 1914 and 1918, was a time of rapid growth in aviation.
The British, French, Germans, and Americans all developed aero engines.

One of the most popular configuration of engines built in this era was the
rotary radial engine. With this engine, the crankshaft was attached rigidly to
the airframe, and the propeller, crankcase, and cylinders all spun around.
Clerget, Gnome, and Rhone in France, Bentley in Britain, Thulin in Sweden,
and Oberursel, BMW, Goebel, and Siemens-Halske in Germany all built
rotary radial engines. These engines had 5, 7, 9, 11, or 14 cylinders and
produced between 80 and 230 horsepower.

The Germans used some very efficient 6-cylinder in-line water-cooled
engines built by the Mercedes, Maybach, BMW, Benz, and Austro-Daimler
companies. Some of these engines developed up to 300 hp.

Some of the most popular V-8 engines of this time were the French-built
150 to 300-horsepower Hispano-Suizas. These engines were also built under
license agreements in Great Britain and the United States.

There were only two aircraft engines designed and built in quantities in
the United States during this time, and both were V-engines. Glenn Curtiss’s
Company built the 90-horsepower, water-cooled V-8 Curtiss OX-5 engine in
great numbers, and various automobile manufacturers built the 400-horse-
power water-cooled V-12 Liberty engine.

DEVELOPMENT OF AIRCRAFT POWERPLANTS

dirigible. A large, cigar-shaped. lighter-
than-air flying machine. Dirigibles differ
from balloons in that they are powered and
can be steered.

rotary radial engine. A form of recipro-
cating engine in which the crankshaft is
rigidly attached to the airframe and the
cylinders revolve with propeller.

crankshaft. The central component of a
reciprocating engine. This high-strength
alloy steel shaft has hardened and polished
bearing surfaces that ride in bearings in the
crankcase. Offset throws, formed on the
crankshaft, have ground and polished
surfaces on which the connecting rods
ride. The connecting rods change the in-
and-outl motion of the pistons into rotation
of the crankshalt.

crankcase. The housing that encloses the
crankshaft. camshaft. and many of the
accessory drive gears of a reciprocating
engine.

The cylinders are mounted on the
crankcase. and the engine attaches to the
airframe by the crankcase.

V-engine. A form of reciprocating engine
in which the cylinders are arranged in two
banks. The banks are separated by an angle
of between 45° and 90°.

Pistons in two cylinders. one in cach
bank. are connected to each throw of the
crankshaft.
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5 engine. It was
wvailable after the war and hetped

Standard J-1. A World War | truining

lane powered by a Curtiss OX-3

DeHaviland DH-4. An English designed
observation airplane buiit in large

¥

Morld War 1.

quantities in America during

After the war, surplus DH-4s were used fo

carrying the U.S. Mail.

radial engine (static radial). A form of

reciprocating engine in which the cylinders

racliate out from a small central crankcase.
The pistons in the cylinders drive a central
crankshaft which in turn drives the

propeller.

Figure 1-1. The Pratt & Whitney R-4360
Wasp Major, with 28 air-cooled cylinders
weighed 3,670 pounds and produced
3,800 horsepower. This engine, with four
rows of seven cylinders, was the largest
practical aircraft reciprocating engine.

The years between World Wars I and Il are called the golden years of aviation
because of the tremendous strides made during this era. Powerplant develop-
ment was largely responsible for this progress.

At the end of hostilities in 1918, the aviation market was flooded with
surplus Curtiss Jennies and Standard J-Is, with their Curtiss OX-5 engines
and DeHaviland DH-4 airplancs with Liberty V-12 engines. These airplanes
and engines, while limited in utility, were so abundant and cheap that
manufacturers were discouraged from developing new engines until these
were used up.

Aviation did not become a viable form of transportation until a depend-
able engine was developed. Beginning in about 1923, Charles Lawrance built
a 9-cylinder radial engine that was developed by the Wright Aeronautical
Corporation into their famous Whirlwind series of engines, the most famous
ol which was the 220-horsepower Wright J-5. This is the engine that powered
Charles Lindbergh’s Spirit of St. Louis on its successful 33-hour nonstop
flight from New York to Paris in May of 1927. About two weeks later,
Clarence Chamberlain, flying a Bellanca, also powered by a Wright J-5
engine, flew nonstop from New York to Germany in 43 hours.

Small 3-, 5-, and 7-cylinder radial engines powered the light airplanes of
the 1930s and 1940s, and 7-, 9-, and 14-cylinder radial engines powered the
faster private and business airplanes, as well as military and airline aircraft.

During World War II the radial engine was the most popular configuration in
the United States. Some fighter airplanes used liquid-cooled V-12 engines,
but most aircraft were powered by 9-, 14-, and 18-cylinder radial engines, and
by the end of the war, by a popular 28-cylinder engine.

The point of diminishing returns in reciprocating engine development
was reached during World War II by the Lycoming XR-7755, a 5,000-
horsepower 36-cylinder liquid-cooled radial engine. Fortunately the gas-
turbine engine became functional at about this time.

Horizontally opposed engines first became popular as powerplants for very
light aircraft in 2- and 4-cylinder models of less than 40 horsepower. This
configuration has the advantage of smooth operation, small frontal area, light
weight, and dependability. Because of these characteristics, they have been
widely produced with 4, 6, and even 8 cylinders, with power output of up to
520 horsepower or more.

Horizontally opposed engines have replaced radial engines for almost all
reciprocating engine-powered private airplanes and are in the mid 1990s, the
only configuration of FA A-certificated reciprocating engines produced in the
United States.

AVIATION MAINTENANCE TECHNICIAN SERIES POWERPLANT



Private aviation in the United States has undergone drastic changes since
the 1960s. The cost of private aircraft ownership skyrocketed because of the
proliferation of product liability lawsuits, and commercial manufacturers
virtually stopped producing reciprocating-engine-powered private aircraft in
the 1980s. By the mid 1990s, changes in tort reform laws encouraged some
manufacturers to re-enter the private aircraft field.

People still want to fly, and therefore the number of amateur-built or
homebuilt aircraft has increased dramatically. Much of the emphasis with
amateur-built aircraft has changed from the ultra simple machine built
without complex tooling and at minimum of cost, to aircraft on the cutting
edge of technology. Freedom from some of the FAA constraints under which
production aircraft are built and the accompanying reduction of the threat of
product liability lawsuits allow private builders to exploit the limitless
advantages of composite construction.

Amateur-built aircraft do not require FAA-certificated engines, and as a
result, there is a strong movement in the conversion of automobile engines for
aircraft use. Some converted automobile engines are truly state-of-the-art
powerplants, with electronic ignition and fuel injection. The safety record for
these engines is excellent, and it is quite possible that this will continue to be
a viable means of developing engines for private aircraft in the future.

As aviation begins its second century, the gasoline reciprocating engine, in
spite of its inefficiency, continues to be used, but not without competition.
Practically all airline and military aircraft are turbine powered and will
continue to be.

Air-cooled, horizontally opposed gasoline engines will continue to be
used, but the advantages inherent with liquid cooling are sure to be exploited.
Rotating combustion (RC) engines, developed from the Wankel engine,
promise good results and will likely continue to be developed. A cam engine
with pistons moving in axial cylinders, driving the crankshaft with rollers
pressing against a sinusoidal cam, has already been certificated by the FAA
and will possibly see more development.

Diesel engines have been tried in aviation for years without any notable
success, but new developments have led to more research in this fuel-efficient
reciprocating engine.

DEVELOPMENT OF AIRCRAFT POWERPLANTS

amateur-built aireraft. Aircraft built by
individuals as a hobby rather than by
factories as commercial products.
Amateur-built or homebuilt aircraft do not
fall under the stringent requirements
imposed by the FAA on commercially
built aircraft.

rotating combustion (RC) engine. A
form of internal combustion engine in
which a rounded, triangular-shaped rotor
with sliding seals at the apexes forms the
combustion space inside an hourglass-
shaped chamber. Expanding gases from
the burning fuel-air mixture push the rotor
around and turn a geared drive shaft in its
center. The RC engine was conceived in
Germany by Felix Wankel in 1955.
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turbosupercharger. A centrifugal air
compressor driven by exhaust gases
flowing through a turbine. The compressed
air is used to increase the power produce
by a reciprocating engine at altitude.

centrifugal compressor. An air compres-
sor that uses a scroll-type impeller. Air is
taken into the center of the impeller and

slung outward by centritfugal force into a

diffuser where its ve

ocity is decreased and

its pressure is increased

Figure 1-2 highlights the progress made in aircraft reciprocating engines. [n
only 40 years, engines progressed from almost 15 pounds per horsepower to
slightly more than one pound per horsepower.

Manufacturer and Name Year Configuration H.P. Weight
Wright Flyer 1903 41L 12-16 179
Manly-Balzer 1903 5RL 52.4 207 |
Curtiss OX-5 1910 8V L 90 400
Le Rhone J 1916 9RoA 120 323

. Liberty V-12 1918 12VL 400 900 |
Wright J-5 1925 9RA 220 510
Pratt & Whitney R-1830 1932 14 RA 1,200 1,467 |
Wright Turbocompound 1940 18RA 3,700 2,779 |
Pratt & Whitney R-4360 1943 28R A 4,300 3,600 |
Engines for Private Aircraft
Continental A-65 1938 40A 65 170 |
Lycoming TIGO-541 1959 60A 450 396 |

| = Inline, R = Radial, V =V, Ro = Rotary, O = Horizontally opposed, L = Liquid cooled, A = Aircooled

Figure 1-2. Progress made in aircraft reciprocating engines

Aircraft Turbine Engines

The principle of using a turbine as a source of power has been known for more
than 400 years, since the days of Leonardo da Vinci. Wind-driven turbines in
the form of windmills have converted much of the arid wasteland in the
western United States into protitable farms and ranches.

Water-driven turbines are used to generate electricity in the huge hydro-
electric powerplants, and steam turbines are used to drive electrical genera-
tors and propel ocean-going ships.

The first practical use of turbines in aviation was the turbosupercharger
developed by Dr. Sanford Moss during World War I. A turbine spun by
exhaust gases leaving the engine drove a centrifugal compressor that increased
the pressure of the air entering the cylinders. Turbosuperchargers allow
reciprocating engines to maintain their sea-level power to a high altitude.

The gas-turbine engine is a logical progression from a turbosuper-
charger. A combustion chamber is placed between the turbine wheel and the
compressor. Air from the compressor flows through the combustion cham-
ber where fuel is added and burned. The expanding gases drive the turbine,
which in turn drives the compressor. Though the compressor requires a
tremendous amount of power, the turbine produces enough, with some left
over for torque or thrust.
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In 1929, Frank Whittle, a brilliant young pilot-officer in the British Royal Air
Force. filed a patent tor a turbojet airplane engine. Unfortunately, Whittle’s
penius was not appreciated, and it was not until 1937 that his first jet engine
actually ran.

Some scientists in the British Air Ministry were interested in gas-turbine
engines, but thought of them only as a source of power to drive propeliers.

A propeller produces thrust by delivering a small change in momentum
to a large mass of air, but Whittle’s concept was that thrust could be produced
by ajet engine delivering a far larger change in momentum to a much smaller
mass of air. The thrust produced by a turbojet would increase as the aircraft
flew faster and would be efficient at high altitude.

Whittle’s engine used a turbine-driven centrifugal compressor to move a
large mass of air through the engine. Fuel was sprayed into the fast moving
air and burned, expanding it and accelerating it enough to produce useful
thrust.

The turbojet engine came about at exactly the correct time. In spite of the lack
of interest by the British government, Frank Whittle and his small but devoted
crew at Power Jets, Ltd., proved the feasibility of the turbojet engine. In
October of 1941, The General Electric Company was licensed to build the
Whittle engine in the United States. GE was chosen for two reasons: because
of their experience with turbosuperchargers, and because the two primary
aircraftengine manufacturers, Pratt & Whitney and Wright Aeronautical, had
more than they could handle in the continued development of reciprocating
engines that were so desperately needed for the war which, at that time,
appeared imminent.

The technology of turbojet engines was so new and the world was so
deeply involved in the war, that no great strides in turbine engine development
were made until the war was over.

At the end of the war. many reciprocating engines were declared surplus and
sold for such low prices that there was little incentive for manufacturers to
design and build new reciprocating engines. The gas turbine engine showed
so much promise that neither Pratt & Whitney nor Wright Aeronautical felt
it wise to continue developing reciprocating engines. Pratt & Whitney transi-
tioned heavily into turbine engines, but Wright Aeronautical did not develop
any of their own. They did produce some British engines under license but
soon departed entirely from aviation engines.

Turbine engines have a far greater versatility than reciprocating engines
because they can be operated either as a thrust or torque producer. Turbojet
and turbofan engines produce thrust by accelerating a mass of air. Turboprop
and turboshaft engines produce torque to drive propellers or helicopter rotors,
or generators and air compressors for auxiliary power units.

DEVELOPMENT OF AIRCRAFT POWERPLANTS

torque, A torce thist produoces or tries 1o
proauce rotation

thrust. The aerodynainic force produced
by a propeller or turbojet engine as 1
forces a mass of air to the rear. betind
the aircraft.

A propeller produces its thrust by accel
erating a large mass of air by a relatively
small amount. A turbojet engine produces
its thrust by accelerating a smaller mass of
air by a much larger amount.
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power. The time rate of doing work.
Power is found by dividing the amount of
work done. measured in foot-pounds, b

the time in seconds or minutes used to do
the work.

Power may be expressed in foot-pounds
of work per minute or in horsepower. One
horsepower is 23.000 foot-pounds of work
done in one nunute. or 550 foot-pounds of
work done in one second.

thrust horsepower. The horsepowe:
equivalent of the thrust produced by «
turbojet engine. Thrust horsepower is
tound by multiplying the net thrust of the
engine. measured in pounds. by the speed
of the aircraft, measured in miles per hour.

2A7&

and then dividing this by 375.

P —

[ R-1830 PT-6

f Reciprocating Turboprop

'..._. ——

5 Takeoff 1,200 1,377

| horsepower

- st
Weight 1,500 486
Horsepower/ 0.8 2.8 i
weight ratio

Figure 1-3. Horsepower to weight ratio
comparison between a reciprocating
engine and a turboprop engine of
comparable power
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There is no direct comparison between turbine engines and reciprocating
engines that allows us to visualize the tremendous strides that have been made
in aircraft propulsion systems, but we can convert thrust into thrust horse-
power and make a power-to-weight comparison.

Power requires movement. so thrust horsepower must take into consid-
eration the speed of the aircraft. Thrust horsepower is found by multiplying
the net thrust of the engine measured in pounds, by the speed of the aircraft
measured in miles per hour, then dividing this by 375.

Net thrust (pounds) - Aircraft speed (miles per hour)
375 mile-pound / hour

Thrust horsepower =

The Pratt & Whitney R-1830 engine used in the ubiquitous Douglas DC-3
weighed approximately 1,500 pounds and produced 1,200 brake horsepower
for takeoff. This is a power-to-weight ratio of 0.8 horsepower per pound,
which is still an acceptable ratio for reciprocating engines.

The Pratt & Whitney JT9D that powers the Boeing 747 weighs approxi-
mately 9,000 pounds and produces up to 56,000 pounds of thrust, which at
a cruise speed of 550 miles per hour, gives a little over 82,000 thrust
horsepower. This is a power-to-weight ratio of a little more than 9 horse-
power per pound!

It is easy to see the advantage that turbine engines have over reciprocating
engines by comparing two popular torque-producing engines of the same
basic power and used in the same types of aircraft. The Pratt & Whitney R-
1830 reciprocating engine powers the 21-passenger Douglas DC-3, and the
Pratt & Whitney of Canada PT-6 turboprop engine powers the 19-passenger
Beech 1900D airliner. The power-to-weight ratio of the turboprop engine is
3.5 times as high as that of the reciprocating engine. See Figure 1-3.

Thrust-producing turbine engines have made tremendous progress since
their first flight in 1939. Figure 1-4 shows the progress made in a little over
fifty years.

| Manufacturer Type Mass Airflow Thrust Weight Application |
| Name pounds/second pounds pounds

l Whittle W1 TJ 22 850 623 E. 28/29

} Allison J-33 TJ 90 4,600 1,820 F-80

| P&W JT4 TJ 256 17,500 5,100 B-707

E P&W JT8D TE 331 17,400 3,500 B-727

| G.E.CF6 TF 1,465 51,000 8,731 DC-10

| RRRB.211 ik 1.658 63,000 9.874 B-747

e 15 e

| TJ = Turbojet TF = Turbofan

Figure 1-4, Progress in thrust-producing turbine engines
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Turbofan engines have almost completely replaced turbojet engines, and a ~ TSFC (thrust specific fuel

new generation of ultra-high-bypass engines shows promise of opening anew ~ consumption). A measure of the effi-

niche between the turboprop and the turbofan. UHB engines., such as thatin <€y o' @ WG s ontmimeitm SOEISS.
e : . . . TSFC is the number of pounds of fuel

Figure 1-5, drive short, multiblade, contrarotating propellers and have high | e trous for-eagh poihd Ot

propulsive efficiency, low noise, low thrust specific fuel consumption. and a  roduced.

high power-to-weight ratio.

Figure 1-5. The Unducted Fan™ engine is an wltra-high-bypass turbine engine that

promises quiet operation with low fuel consumption at a speed higher than thar used by
turboprop-powered aircrafi.
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_STUDY QUESTIONS: DEVELOPMENT OF AIRCRAFT POWERPLANTS.

Answers are on Page 14. Page numbers refer to chapier text.

1. The basic name for an engine that produces mechanical energy by changing chemical energy in the fuel
into heat is a/an engine. Page 3

2. Two types of heat engines are:

a.
b.

Page 3

3. Two types of internal combustion engines used to power modern aircratt are:

a.
b.

Page 4

4. A reciprocating engine in which the crankshaft is rigidly attached to the airframe and the cylinders spin
with the propeller is called a/an radial engine. Page 5

5. The most popular configuration of reciprocating engine in the United States from the end of World War I
through World War Il was the engine. Page 6

6. The most popular configuration of reciprocating engine for private aircraft built in the United States since

World War II is the engine. Page 6
7. The first practical use of a turbine in aircraft propulsion was the . Page 8
8. Aircraft turbine engines are used to produce or . Page 9

9. Two types of thrust-producing aircraft turbine engines are:

a.
b.

Page 9

10. Two types of torque-producing aircraft turbine engines are:

a.
b.

Page 9

DEVELOPMENT OF AIRCRAFT POWERPLANTS Chapter 1
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Answers to Chapter 1 Study Questions

1. heat

O 00 N AN W A

10.

14

. a. external combustion

b. internal combustion

. a. reciprocating engines

b. turbine engines

. rotary

. radial

. horizontally opposed
. turbosupercharger

. thrust, torque

. a. turbojet

b. turbofan

a. turboprop
b. turboshaft
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THEORY & CONSTRUCTION

Reciprocating Engine Theory

As noted in Chapter 1 the reciprocating engine is the oldest practical type of
heat engine used as a powerplant for aircraft. It is an extremely inefficient
engine, converting less than one-third of the heat energy in the fuel that is
burned into useful work, but its availability, simplicity, and relatively low
cost keep it in use in spite of its shortcomings.

The gas turbine engine has almost completely taken over as the propul-
sion system for commercial operations, and for military fighters and bombers.
Because most military pilots will spend their professional lifetime flying
turbine-powered aircraft, the military services use turbine-powered training
aircraft. Civilian aviation, on the other hand, is far more cost controlled, and
all training and most private flying is done in the less costly reciprocating-
engine-powered aircraft.

It is probable that technicians who have gained their initial experience in
the military, and who will be working with the airlines, will never work on
reciprocating engines. However, the principles of energy transformation are
extremely important, and their study should not be slighted, as many of these
principles relate to all forms of heat engines.

Energy Transformation

A heat engine does useful work when the chemical energy stored in the fuel
is released in the form of heat. The heat enters a parcel of air and causes it to
expand, which exerts a mechanical force on either a piston or a turbine.

( —
GASOLINE \ =l
+ s =
\\;\/j
Fuel + Air + Heat = Force = Useful work

Figure 2-1. The function of a heat engine is to expand a working fluid, usually air.
When the air expands, it produces a force which does useful work.

Reciprocating Engines THEORY & CONSTRUCTION
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stroke. The distance the piston moves
inside the cylinder.

crankshaft. The central component of a
reciprocating engine. This is a high-
strength, alloy steel shaft with hardened
and polished bearing surfaces that ride in
bearings in the crankcase.

Offset throws are formed on the
crankshaft on which the crankpins are
ground and polished. Connecting rods,
driven by the pistons, ride on the crankpins
and change the in-and-out motion of the
pistons into rotation of the crankshaft.

four-stroke cycle. A constant-volume
cycle of energy transformation that has
separate strokes for intake, compression,
power, and exhaust.

Otto cycle. The constant-volume cycle of
energy transformation used by reciprocat-
ing engines. A mixture of fuel and air is
drawn into the cylinder as the piston
moves to the bottom of its stroke. The
mixture is compressed as the piston moves
upward in the cylinder, and when the
piston is near the top of its stroke. the
mixture is electrically ignited and burns.
The burning mixture heats and expands the
air inside the cylinder and forces the piston
down. performing useful work. The piston
then moves back up, forcing the burned
gases out of the cylinder.

PV diagram. A diagram showing the
relationship between the volume of a
cylinder and the pressure during a cycle of
engine operation.

20

The basic difference between the energy-release systems of reciprocating
engines and gas turbine engines is in the way in which the heat energy in the
fuel is added to the air. In a reciprocating engine, the energy is added in a
constant-volume cycle, and in a gas turbine engine, it is added in a constant-
pressure cycle. The constant-volume cycle is discussed in this chapter, and the
constant-pressure cycle is discussed in Chapter 10, “Turbine Engines, Theory

and Construction.”

The Constant-Volume Cycle of Energy Release
There are two types ol reciprocating engines that operate on the constant-
volume principle: two-stroke- and four-stroke-cycle engines. The principle
of operation of these engines is essentially the same, the difference being in
the events that take place as the piston moves in and out and the number of
crankshaft revolutions needed to complete the cycle.

The four-stroke-cycle engine is the most widely used to power aircraft,
but two-stroke-cycle engines are gaining popularity as the powerplant for
ultralight and small kit-produced aircraft.

Four-Stroke, Five-Event Cycle

The cycle of energy release that describes the way an aircraft reciprocating
engine works is the Otto cycle, or four-stroke, five-event cycle. The best way
to understand this cycle is to use the simple diagrams of a single-cylinder
engine in Figure 2-2 and a Pressure-Volume, or PV, diagram such as the
one in Figure 2-3.

The cycle begins as the piston moves downward with the intake valve
open. This is called the intake stroke, and you will notice by the trace A-B on
the PV diagram that the volume of the cylinder is increasing, but the pressure
remains relatively constant.

After passing bottom center, the piston starts upward on the compression
stroke, and the intake valve closes. The volume of the cylinder decreases, as
seen by trace B-C. Both valves are now closed and the pressure rises. As the
piston approaches the end of the compression stroke, an electrical spark
jumps the gap in the spark plug and ignites the compressed fuel-air mixture.
The mixture burns, and the chemical energy in the fuel is converted into heat
energy that causes the air to expand. This mixture does not explode, but
rather it burns in a smooth, progressive fashion and is completely consumed
shortly after the piston passes top center on the compression stroke and has
started down on the power stroke, point C.

The power stroke begins with both valves closed and the pressure inside
the cylinder at its maximum value, as seen at point C. The piston is forced
down by the pressure, and it is on this power stroke between points C and D
that the only useful work is done. The pressure drops along the C-D curve, and
as the piston nears the bottom of its stroke, the exhaust valve opens.
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Intake == —— Exhaust

[6)

On the intake stroke the piston moves
down with the intake valve open.

Intake Exhaust

On the power stroke, the piston moves
down with both valves closed.

Intake

On the compression stroke the piston
moves upward with both valves closed.

Intake _—;y%;_— Exhaust

S5

On the exhaust stroke, the piston moves
upward with the exhaust valve open.

Figure 2-2. The four strokes of an Otto-cycle engine

As the piston moves upward on the exhaust stroke, along line D-A, the burned
exhaust gases are forced out of the cylinder. At point A, the piston begins
moving downward, and the cycle is repeated.

Events do not occur instantaneously in a reciprocating engine. The fuel-air
mixture flowing into the cylinder has inertia, and time is needed to start it
moving. The burning mixture requires a definite amount of time for the flame
to cross the piston and to heat the air inside the cylinder. The exhaust gases
also have inertia, and it takes time for them to get out of the cylinder.
Because of the time needed for these events to take place, the valves do
not open and close when the piston is at the exact top or bottom of the strokes.
Figure 2-4 on the next page illustrates typical timing of the events in a four-

stroke-cycle engine.

Reciprocating Engines THEORY & CONSTRUCTION

Intake Exhaust

At about 30° of crankshaft rotation before the
piston reaches top center, the fuel-air mixture
in the cylinder is ignited by the spark plug.

lgnition

*

\ .
Compression

Exhaust

B

Intake

Pressure

«— Piston stroke —— —»
T T

TDC BDC
(Top Dead Center) (Bottom Dead Center)

Volume

Figure 2-3. PV diagram of the Otto-cycle
of energy release
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valve overlap. The portion of the
operating cycle of a four-stroke-cycle
reciprocating engine during which both the
intake and exhaust valves are off of their
seats at the same time.
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Top
Intake dead center exhaust

opens closes
‘ /

i
Valve overlap

Ignition

Exhaust 4

|Compression

A &

Exhaust
opens

Intake ™
closes

T—e—

Bottom
dead center

Figure 2-4. Typical valve opening and closing, and ignition timing in a
four-stroke-cycle engine.

The intake valve opens about 15° of crankshaft rotation before the piston
reaches the top of the exhaust stroke. The exhaust valve is also open at this
time, and the hot exhaust gases are flowing out of the cylinder. The inertia of
the gases leaving the cylinder creates a slightly low pressure that helps the
fuel-air charge begin to move into the cylinder. The exhaust valve closes
after the piston has passed over top center, and the crankshaft has rotated
about 15° down on the intake stroke. There is very little actual piston
movement during this period of valve overlap.

The intake valve remains open until after the piston has passed bottom
center and the crankshaft has moved up on the compression stroke for about
45°. The valve remains open for this extra length of time to allow the inertia of
the flowing gases to get as much fuel-air charge as possible into the cylinder.

On the compression stroke, the cylinder is full of the combustible fuel-air
mixture, both valves are closed, and the piston is moving upward, compress-
ing the mixture. When the piston is about 30° of crankshaft rotation before top
center, the magneto sends a pulse of high voltage to the spark plug, producing
a spark that ignites the compressed mixture, and the flame begins to burn
across the face of the piston.
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It the mixture ratio and ignition timing are both correct, the fuel-air mixture
will be completely burned shortly after the piston passes over top center. The
expunding gases caused by absorbing heat from the burning mixture will
cuuse the pressure inside the cylinder to reach its peak.

The high pressure inside the cylinder forces the piston down on the
power stroke. This is the only useful work done in this entire energy trans-
formation cycle.

The pressure is still high inside the cylinder when the piston is about 70°
of crankshaft rotation before reaching bottom center, and at this time, the
exhaust valve opens to allow the high pressure to start the burned gases
moving out of the cylinder. The exhaust valve remains open during all the
upward movement of the piston on the exhaust stroke, and until it has passed
over top center and has moved downward for about 15° of crankshaft rotation
on the intake stroke.

Notice that there is a point when both valves are off of their seats at the
same time. The intake valve opens about 15° before the piston reaches top
center on the exhaust stroke, and the exhaust valve remains open until the
piston has moved downward about 15° on the intake stroke. Having both
valves open at the same time allows the inertia of the exiting exhaust gases to
aid in drawing the fresh fuel-air charge into the cylinder. This part of the cycle
is called valve overlap and is extremely important for volumetric efficiency
and proper cooling. Both of these are discussed starting on Page 32.

Two-Stroke Cycle

The two-stroke-cycle engine is the simplest form of reciprocating engine, and
it has gained tremendous popularity for use in lawn mowers, snow blowers,
chain saws, and many other tools and devices. The advent of ultralight and
small kit-built airplanes has brought about aviation applications for these
simple engines. Two-stroke engines have two inherent problems: cooling
difficulty and spark plug fouling. Since every downward stroke is a power
stroke, there is no cooling interval as in a four-stroke engine; and because the
crankcase-compression engines are lubricated by mixing oil with the fuel, oil
tends to foul the spark plugs.

Two-stroke engines are available with one to four cylinders and produce
up to 100 horsepower. Every downward stroke of the piston is a power stroke,
and these engines normally operate at a high speed.

There are two types of two-stroke engines: one uses crankcase compres-
sion to get the fuel-air mixture into the cylinder, and the other uses some form
of blower to increase the pressure of the mixture to force it into the cylinder.
See Figure 2-5.

Reciprocating Engines THEORY & CONSTRUCTION

two-stroke cycle. A constant-volume
cycle of energy transformation that
completes its operating cycle in two
strokes of the piston. one up and one
down.

crankcase. The housing which encloses
the crankshaft, camshaft, and many of th
accessory drive gears of a reciprocating
engine. The cylinders mount on the
crankcase, and the engine attaches to the
airframe by the crankcase.
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Automatic
intake il plug

valve

From Eﬁ
carburetor

Crankcase .

Piston moves upward, compressing mixture in
cylinder and lowering pressure in crankcase. This
fow pressure pulls fresh charge of fuel-air mixture
from carburetor through automatic intake valve.
When piston is about 30° of crankshaft rotation
from top, spark plug ignites mixture.

Deflector

Gases inside cylinder have expanded and Piston has passed bottom center and started
are forcing piston downward. Piston has just  back up. Compressed mixture in crankcase
passed the exhaust port and the burned gases  is flowing into cylinder through intake port.
are flowing out. Pressure on fresh charge in  Deflector on top of piston prevents fresh
crankcase is increasing. mixture flowing out exhaust port.

Figure 2-5. Operating principle of a crankcase-compression two-stroke-cycle engine

automatic intake valve. An intake valve
opened by low pressure created inside the
cylinder as the piston moves down. There
is no mechanical means of opening it.

supercharger. An air compressor used to
increase the pressure of the air being taken
into the cylinders of a reciprocating
engine.

24

The two-stroke cycle begins as the fuel-air mixture is drawn into the
crankcase through the carburetor and the automatic intake valve, by the low
pressure created as the piston moves upward. The mixture inside the cylinder
is compressed, and as the piston approaches top center, the spark plug ignites
the mixture. The burning is completed by the time the piston passes over
top center, and the heat from the burning fuel expands the air and forces the
piston down.

As the piston moves down, it compresses the fuel air mixture inside the
crankcase, and when the piston passes the exhaust port in the cylinder wall,
the burned gases begin to leave the cylinder. The piston continues to move
downward, and just after passing the exhaust port, it uncovers the inlet port,
and the compressed mixture from the crankcase is forced into the cylinder.
The deflector on the head of the piston prevents the fresh charge from flowing
out of the cylinder along with the exhaust gases.

After passing bottom center and starting up, the piston covers the inlet
port and shuts off the flow of the fuel-air mixture into the cylinder; then it
covers the exhaust port and stops the outward flow of burned gases. As the
piston continues its upward stroke, the pressure inside the cylinder increases,
the pressure in the crankcase decreases, and a fresh charge of fuel-air mixture
is pulled in through the automatic intake valve to begin the next cycle.

Two-cycle engines using crankcase compression normally have the
lubricating oil mixed with the fuel and require no other lubrication system.

AVIATION MAINTENANCE TECHNICIAN SERIES POWERPLANT



Some two-cycle engines have a supercharger, or blower, that increases the
pressure of the fuel-air mixture and sends it directly into the cylinder. None
of the mixture goes into the crankcase.

When the mixture is ignited and burns, the cylinder pressure is high, and
the spring-loaded intake valve is held closed. The piston moves down and
uncovers the exhaust ports in the cylinder wall, and as the exhaust gases leave
the cylinder, the pressure drops.

As soon as the pressure inside the cylinder is lower than the pressure
produced by the blower, fresh fuel-air mixture flows into the cylinder. This
flow of fresh mixture continues until the piston passes bottom center and starts
back up. After it passes the exhaust port, the pressure builds up higher than
the blower pressure, and the intake valve closes.

The spark plug ignites the compressed fuel-air mixture as the piston nears
top center in the same way that it does in a crankcase-compression engine.

Blower-equipped two-cycle engines do not have their lubricating oil
mixed with the fuel, but have conventional lubrication systems.

Work-Power Considerations

The purpose of an aircraft engine is to convert energy in the fuel into useful
work. To best understand the way the engine does this, we should review
some of the principles regarding work and power. These concepts are cover-
ed in more detail in Chapter 3, “Basic Physics,” in the General textbook
of this Aviation Maintenance Technician Series.

Work

Work, measured in foot-pounds or inch-pounds, is the product of a force,
expressed in pounds, times the distance through which the force acts,
expressed in feet or inches.

When a 20-pound force causes an object to move 10 inches, 200 inch-
pounds of work has been done.

Note that in the measurement of work, time is not involved. It takes the
same amount of work to move a 100-pound load of sand 10 feet in one trip as
it does to move the load in ten trips carrying 10 pounds each trip.

The useful work done with one trip is:

100 feet - 100 pounds = 10,000 foot-pounds
The useful work done with ten trips is:
(100 feet - 10 trips) - 10 pounds = 10,000 foot-pounds

The difference between doing the work in one trip or doing it in ten trips
is the length of time required. and this determines the amount of power needed.

Reciprocating Engines THrEoRY & CONSTRUCTION

Automatic
intake valve

From
carburetor

Figure 2-6. Two-stroke-cycle engine using

a supercharger to force the fuel-air
mixture into the cylinder

work. The product of a force times the
distance the force is moved.

power. The tme rate of doing work.
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horsepower. The most commonly used
unit of mechanical power. One horsepower
is equal to 33.000 foot-pounds of work
done in one minute, or 350 foot-pounds of
work done in one second.

watt. The basic unit of power in the metric
system. One watt is the amount of power
needed to do one joule (0.7376 foot-pound
of work) in one second. One watt is /746
horsepower.

IHP (indicated horsepower). The
theoretical horsepower a reciprocating
engine develops.

BHP (brake horsepower). The actual
horsepower delivered to the propeller shaft
of a reciprocating engine.

FHP (friction horsepower). The amount
ot horsepower used to turn the crankshaft,
pistons, gears, and accessories in a
reciprocating engine and to compress the
air inside the cylinders.

bore. The diameter of a reciprocating
engine cylinder.

IMEP (indicated mean effective pres-
sure). The average pressure existing inside
the cylinder of a reciprocating engine
during its power stroke.
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In the metric system, work is expressed in terms of kilogram-meters, where
the force applied is stated in kilograms and the distance is stated in meters.
As a conversion, 1 kilogram-meter of work is equal to 7.233 foot-pounds
of work.

Kilogram-meters - 7.233 = foot-pounds

Power
Power is the rate of doing work, and power takes time into consideration. In
the United States, work is normally measured in foot-pounds, and power is
measured in foot-pounds per minute or in horsepower. One horsepower is
equal to 33,000 foot-pounds of work done in one minute, or 550 foot-pounds
of work done in one second.

In the metric system, power is expressed in watts, with one watt equal to
0.001341 horsepower (1.341 - 1073 horsepower). A more useful unit is the
kilowatt (1,000 watts), which is equal to 1.341 horsepower.

Horsepower of a Reciprocating Engine

There are a number of types of horsepower involved in the study of recipro-
cating engines: indicated horsepower (IHP), brake horsepower (BHP), and
friction horsepower (FHP). The relationship between these three is:

IHP = FHP + BHP

Indicated Horsepower

Indicated horsepower (IHP) is the horsepower developed in the cylinders of
an engine. IHP cannot be measured directly, but can be calculated as follows:

1. Find the area of the piston head that is acted on by the expanding gases. The
area, in square inches, is determined by the formula:

A =0.7854 - D>
0.7854 = a constant (7t + 4)
D = cylinder bore measured in inches

2. Find the amount of pressure acting on the piston head. This is the mean
effective pressure (MEP) and is the average pressure inside the cylinder
during the power stroke. Indicated mean effective pressure (IMEP) is
actually a measured value. It was originally measured by an instrument
called an indicator, thus its name, but today it is measured far more
accurately by an electrical pressure transducer. IMEP is expressed in
pounds per square inch. See Figure 2-7.

3. Find the amount of force acting on the piston by multiplying the area
of the piston head in square inches by the amount of pressure in pounds per
square inch.
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Find the number of foot-pounds of work done on each power stroke of a
single cylinder. To do this, multiply the stroke of the piston (the distance
the piston travels inside the cylinder) in feet, by the force acting on the
piston, in pounds.

Find the total number of foot-pounds of work done by all of the power
strokes of the engine in one complete cycle by multiplying the foot-pounds
of work per cylinder by the number of cylinders in the engine.

Find the number of power strokes per minute. In a four-stroke-cycle
engine, only every other stroke is a power stroke, so you must divide the
engine RPM by 2.

Find the total number of foot-pounds of work done in one minute by
multiplying the number of foot-pounds of work per cycle by the number
of power strokes per minute.

. Find the indicated horsepower by dividing the foot-pounds of work per

minute by 33,000.

This procedure is expressed by the formula:

IH
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Pressure (psi)

= Indicated horsepower.
= Indicated mean effective pressure in psi.
= Length of the stroke in feet.
Area of the piston head in square inches. This is 0.7854 - bore?.
= Number of power strokes per minute per cylinder. This is
RPM + 2.
K = Number of cylinders.

v}
|

Z»rr
il

,000 = A constant which is the number of foot-pounds per minute of work
in one horsepower.
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400
350 —
[\
4 t
300 —
i
i |
250 i
i
200 —%
. \_Indicated mean effective pressure
150 ,"
! \
100 :
— —
Igmtuorl_)\‘ “geExhaust valve opens
50 > 8 e : n
> i Figure 2-7. A plot of the indicated
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torque. A force that produces or tries to
produce rotation.

prony brake. An instrument used (o
measure the amount of horsepower an
engine is delivering to its output shaft. The
engine is operated at a specific RPM, and a
brake is applied to its output shaft. The
amount of torque applied to the brake is
measured, and this, with the RPM, is
converted into brake horsepower.

BMEP (brake mean effective pressure).
The theoretical average pressure inside the
cylinder of a reciprocating engine during
the power stroke. BMEP relates to the
torque produced by the engine, and can be
calculated when you know the brake
horsepower.

Torquemeter

Crankshaft gear

Planetary
gears on
propeller
shaft

Torque
arm

Hydraulic cylinder
and piston. Cylinder
is fixed to engine
nose section.

Figure 2-8. A rorquemeter measures the
reaction between the fixed engine case and
the propeller reduction ring gear. The
indicator is calibrated in psi of BMEP.
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Friction Horsepower

Friction horsepower (FHP) is the amount of power used by the engine to
compress the air and to turn all of the rotating mechanism. FHP is the
difference between IHP and BHP.

Brake Horsepower

Brake horsepower (BHP) is the actual horsepower delivered by the engine to
the propeller or helicopter transmission. This horsepower can be measured by
running the engine on a dynamometer and measuring the torque the engine
produces at a given RPM. The name, brake horsepower, comes from the fact
that this power was originally measured with a prony brake that mechanically
loaded the engine with friction, and measured the reaction to this friction with
a balance scale. Modern dynamometers load the engine with either a hydrau-
lic or electric load.

Brake horsepower is determined by the formula:

PLANK
33.000

The components of this formula are the same as those for IHP except that
P stands for brake mean effective pressure, or BMEP.

BMEDP cannot be measured directly, but some of the large reciprocating
engines installed on older bombers and airliners had a torque nose and an
indicator that gave the flight engineer an indication of the BMEP the engine
was developing. Hydraulic cylinders installed between the propeller reduc-
tion gear and the nose section of the engine measured the reaction, or torque,
between the fixed engine case and the reduction ring gear. A pressure gage
calibrated in psi of BMEP read the pressure produced inside the hydraulic
cylinder and gave the flight engineer an indication of the BMEP developing
in the engine.

BHP =

If the pilot or flight engineer has access to an indication of the BMEP, a chart
similar to the one in Figure 2-9 can be used to determine the BHP the engine
is developing at the particular RPM.

Figure 2-9 is a typical BHP/BMEP chart for five very popular Pratt &
Whitney radial engines: the R-985, R-1340, R-1830, R-2000, and the R-2800.
The numbers in these engine designations relate to their piston displacement
in cubic inches.
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Figure 2-9. A rypical chart relating engine RPM to the BHP and BMEP for five popular Pratt & Whitney radial engines

Use Figure 2-9 to find the BHP produced by an R-1830 engine that turns at
2,750 RPM for takeoff, if the torquemeter indicates that the BMEP is 190 psi.
To use this chart, follow these steps:

1. Draw a line vertically upward from the 190 psi BMEP index until it
intersects the imaginary line for 2,750 RPM. This is midway between the
diagonal lines for 2,700 and 2,800 RPM.

2. From this point, draw a line horizontally to the left until it intersects the
angled line for the 1830 CID engine.

3. From this intersection, draw a line vertically upward to the BHP  absolute pressure. Pressure referenced
index. This shows that at this RPM and BMEP, the engine is developing SIS PSR v,
1,250 BHP.

Modern aircraft are not equipped with BMEP gages, so the pilot uses a =~ MAP (manifold absolute pressure). The

combination of RPM and manifold absolute pressure (MAP) to find the  absolute pressure of the air inside the
hOI‘SCpOWCI‘ the engine is deve]oping. induction system of a reciprocating engine.
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thermal efficiency. The ratio of the
amount of useful work produced by a heat
engine, to the amount of work that could
be done by all of the heat energy available
in the fuel burned.

Useful work

Lost out
the exhaust
51%

Figure 2-10. Distribution of energy in the
fuel burned in the cylinder of a typical
reciprocating engine
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The horsepower produced by an aircraft engine is determined by three fixed
values and a constant over which the pilot has no control, and two variable
values which can be controlled. The fixed values which relate to the engine
are the bore, stroke, and number of cylinders. The constant is 33,000, the
number of foot-pounds of work done per minute by one horsepower.

The two variables over which the pilot has control are the engine RPM
and the BMEP. The pilot of most modern aircraft has no actual indication of
the BMEP, but the pressure of the air entering the cylinders, as shown on the
manifold pressure gage, relates to the BMEP.

On an engine equipped with a fixed-pitch propeller, the throttle controls
the RPM, and the propeller determines the resulting manifold pressure. These
engines do not normally have a manifold pressure gage. But when the engine
is equipped with a constant-speed propeller, the pilot can vary the propeller
pitch to control the RPM, and the throttle controls the manifold pressure, and
thus the BMEP.

Factors Affecting Engine Power

A number of factors affect the power developed inside the cylinder of a
reciprocating engine and delivered by the crankshaft to the propeller or
helicopter transmission. These basically relate to the amount of fuel and air
taken into the engine, and the efficiency with which the engine converts the
energy in the fuel into useful work. Below, we look at some of the more
important factors and the way they relate to engine power.

Thermal Efficiency

As mentioned earlier, a reciprocating engine is an exceptionally inefficient
device for utilizing the heat energy in the fuel. Normally, it converts less than
one-third of the energy in the fuel into useful work. Figure 2-10 shows a
typical distribution of the energy.

Approximately one-half of the energy goes out of the cylinder through the
exhaust. Not only is this energy wasted directly, but the exhaust system must
be made to accommodate the heat and carry it away from the aircraft. There
are several different devices, such as turbosuperchargers, or turbochargers,
and power recovery turbines, used to recover some of this wasted energy, and
these devices are discussed in Chapter 6, “Reciprocating Engine Exhaust
Systems.”

About 12% of the energy is lost through the cylinder: part is carried away
by the air or liquid coolant and part by the lubricating oil. Another 6% is lost
in compressing the air in the cylinders and in turning all the moving parts of
the engine. This leaves about 31% of the original heat energy to be converted
into useful work.
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Heake thermal efficiency is the ratio of the heat energy in the fuel converted
tato useful work, to the amount of heat energy in the fuel that has been burned.
To L the brake thermal efficiency of an engine, follow these steps:

[3%]

Multiply the brake horsepower by 33,000 to find the number of foot-
pounds of work per minute actually done by the propeller shaft of

the engine.

. Convert the gallons per hour of fuel burned into pounds per minute.

Aviation gasoline has a nominal weight of six pounds per gallon, so
multiply the gallons per hour by 6 to find the pounds per hour. Divide the
pounds per hour by 60 to find the pounds per minute.

. Find the number of Btu’s of heat energy released by the fuel burned in

one minute. Aviation gasoline has anominal heat energy content of 20,000
Btu per pound, so multiply the pounds of fuel burned per minute by 20,000.

. Find the number of foot-pounds of work produced by fuel burned in one

minute. To do this, multiply by 778 the number of Btu released by the fuel
burned in one minute, which is the number of foot-pounds of work one Btu

will perform.

. Divide the total number of foot-pounds of work per minute done by the

propeller shaft by the number of foot-pounds of work in the fuel burned in
one minute. This results in a decimal fraction which must be multiplied by
100 to get the percent BTE.

To illustrate, find the thermal efficiency of an engine that burns 12.1 gallons
of aviation gasoline per hour to produce 142 brake horsepower, by using the
following formula:

BHP - 33,000

BTE = .
Pounds of fuel consumed per minute - 20,000 - 778

142 - 33,000

- 1216
5 +20,000-778

4,686,000
= 1.21-20,000 - 778

0.248

24.8%

An engine burning 12.1 gallons of aviation gasoline in one hour and
producing 142 brake horsepower has a brake thermal efficiency of 24.8%.
The engine is converting 24.8% of the energy from fuel into useful work.
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volumetric efficiency. The ratio of the

volume of the fuel-air charge inside the
cylinder of a reciprocating engine to the
total physical volume of the cylinder.
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Volumetric Efficiency

For aviation gasoline to release its stored chemical energy, it must first be
vaporized and then mixed with the correct amount of air to obtain the needed
oxygen. The ability of an engine to breathe is extremely important, and this
ability is expressed as its volumetric efficiency.

The volumetric efficiency of a reciprocating engine is the ratio of the
volume of the fuel-air charge taken into the cylinder, to the volume of the
charge the cylinder can actually hold under the same atmospheric conditions.

Anything that decreases the amount of air entering the cylinder decreases
the volumetric efficiency. Improper valve timing, sharp bends in the induc-
tion system, and high carburetor air temperature will decrease the volumetric
efficiency.

Volume of charge taken into cylinder

Volumetric efficiency = : :
Volume of the cylinder

A number of factors affect volumetric efficiency. Some of these are:
engine RPM, induction air temperature, cylinder head temperature, valve
timing, design of the induction system, and degree of supercharging.

The fuel-air charge has mass, and therefore inertia. Instead of flowing
smoothly in the induction system, the charge flows in jerks or pulses. The
induction system must be designed in such a way that each cylinder receives
the same charge each time the intake valve opens. Long induction pipes of
small diameter restrict the airflow and reduce the volumetric efficiency.

The intake valve of a typical engine is open for approximately 240° of
crankshaft rotation, and when the engine is turning at 2,300 RPM, the valve
is open for approximately 0.017 second. There is not enough time during each
cycle for the mixture to completely fill the cylinder. Improperly timed valves,
or valves adjusted with the wrong clearance, do not remain open long enough
to thoroughly purge all of the burned exhaust gases, nor to get a full fresh
charge into the cylinder.

Valve overlap, which is the time at the end of the exhaust stroke and the
beginning of the intake stroke when both valves are off of their seat, is critical
for high volumetric efficiency. If either the intake or exhaust valve clearance
is too large, the cam will turn farther before the valve opens, and the valve will
close before the cam has rotated to the correct position for it to close. This
decreases the number of degrees of crankshaft rotation the valve is off its seat
and decreases the valve overlap.

Adequate valve overlap increases the volumetric efficiency of the
engine. It aids in scavenging the burned exhaust gases and gives the engine
better cooling characteristics. It does this by assuring that the fuel-air
charge in the cylinder is rich enough for proper operation and is not diluted
with exhaust gases.
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Hot wir s less dense than cold air, and either high induction air temperature
or high cylinder head temperature will cause the cylinder to be filled with
low-density hot air, and there will be less mass of air available to mix with
the fuel.

A nonsupercharged, or naturally aspirated, engine can never have a
volumetric efficiency of 100%, but a supercharger compresses the air before
it enters the engine cylinder, and therefore the volumetric efficiency of a
supercharged engine can exceed 100%.

Mechanical Efficiency

Mechanical efficiency of a reciprocating engine is the ratio of the amount of
power delivered to the propeller shaft or the transmission of a helicopter, to
the amount of power developed inside the cylinders. It is the ratio of brake
horsepower to indicated horsepower.

Brake horsepower

Mechanical etficiency = :
Indicated horsepower
Aircraft reciprocating engines are normally quite efficient mechanically,
and a mechanical efficiency of 90% is relatively common.

Piston Displacement

The piston displacement of a reciprocating engine is the total volume swept
by the pistons in all cylinders during one revolution of the crankshaft. In the
United States, piston displacement is expressed in cubic inches, in other parts
of the world, it is expressed in cubic centimeters (cc) or liters.

Piston displacement = Piston area - Stroke - Number of cylinders

To determine piston displacement in cubic inches multiply the area of the
piston, in square inches, by the length of stroke, in inches, and multiply this
by the number of cylinders in the engine.

Generally, the greater the piston displacement, the more power an engine
develops, but there are many variables to consider in determining the way to
increase the displacement. Some manufacturers use a few large cylinders,
while others use more but smaller cylinders. Some engines have strokes that
are longer than the bore and others have shorter strokes, but over the years,
“square” engines—those with the same bore and stroke —have proven to
have an excellent dimensional balance.

Reciprocating Engines THEORY & CONSTRUCTION

naturally aspirated engine. A nonsuper-

charged reciprocating engine using

atmospheric pressure to force the fucl-air

mixture into the cylinders.

piston displacement. The total volume. in
cubic inches, cubic centimeters, or liters.

swept by all of the pistons of a reciprocat-
ing engine as they move in and out in one

revolution of the crankshaft.
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Cylinder volume
with piston at
bottom of stroke

,,,,, Cylinder volume
with piston at top
of stroke

Figure 2-11. The compression ratio of a
reciprocating engine is the ratio of the
volume of the cylinder with the piston at
the bottom of the stroke, to the volume with
the piston at the top of the stroke.

compression ratio. The ratio of the
volume of the cylinder of a reciprocating
engine with the piston at the bottom of its
stroke, to the volume of the cylinder with
the piston at the top of its stroke.

detonation. An uncontrolled explosion
inside the cylinder of a reciprocating
engine. Detonation occurs when the
pressure and temperature of the fuel inside
the cylinder exceeds the critical pressure
and temperature of the fuel. Detonation
may be caused by using fuel that has a
lower octane rating or performance
number than is specified for the engine.
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Compression Ratio
For a heat engine to convert the maximum amount of energy into useful work,
the fuel-air mixture must be compressed into as small a volume as practical
before it is ignited. Because of this, the compression ratio of an engine is
important in determining the amount of power an engine can produce.

The compression ratio is the ratio of the volume of the cylinder with the
piston at the bottom of its stroke, to the volume with the piston at the top of
its stroke.

Volume of cylinder with piston at bottom of stroke

Compression ratio = — S
Volume of cylinder with piston at top of stroke

When a highly compressed fuel-air mixture is ignited, it releases its
energy rapidly, and produces the maximum cylinder pressure and the maxi-
mum amount of push on the piston. By increasing the compression ratio, an
engine is able to convert more of its heat energy into useful work, and
therefore less energy is lost to the cylinder walls. Both cooling and thermal
efficiency are increased.

Manifold absolute pressure is the absolute pressure in the induction system
of an engine and is the pressure of the air being forced into the cylinder.
The air pressure in the cylinder at the beginning of the compression stroke
and the amount it is compressed determine the pressure of the air at the
time of ignition. The higher the pressure, the greater the power the engine
can develop.

There is a practical limit to the maximum compressionratio and the maximum
manifold pressure any given engine can tolerate, and this is the detonation
characteristic of the fuel.

Compression heats a fuel-air charge, and it is possible to compress it until
it is hot enough to explode. This explosion is called detonation, and the rapid
release of heat causes destructive cylinder pressures and shock waves.

Detonation is suppressed and the allowable compression ratio increased
by increasing the critical pressure and temperature of the fuel. Characteristics
of reciprocating-engine fuel are discussed in more detail in Chapter 4,
beginning on Page 130.
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fpnition Timing

For areciprocating engine to develop its maximum power, the pressure inside
the evlinder caused by the burning gases must peak shortly after the piston
passes 1ts top center position and starts down. All FAA-certificated aircraft
engines are required to have dual ignition systems which include two spark
plugs in each cylinder. While two independent ignition systems enhance
safety, the main reason for dual ignition is to provide better burning charac-
teristics in the cylinder, by igniting the mixture in two places.

The fuel-air charge does not explode, but rather it burns evenly across the
combustion chamber, and in a properly-designed cylinder, the mixture is
ignited in two locations across the cylinder from each other. The flame fronts
started at the two spark plugs progress across the cylinder and meet near the
center. The entire charge burns in a shorter time, and the pressure rises more
smoothly than it would if it were ignited by only one spark plug.

Automobile engines have variable ignition timing that changes the point
at which ignition occurs, so that regardless of the engine speed, the pressure
peaks when the piston is in the correct position. Aircraft engines have fixed
timing, and therefore the spark occurs at a time that is a compromise between
the optimum for takeoff power and cruise power.

The spark occurs on most engines about 30° of crankshaft rotation before
the piston reaches top center on the compression stroke. If the ignition occurs
too early in the cycle, the engine will lose power, because the maximum
pressure is reached while the piston is still moving upward, and the force of
the expanding gases will oppose the crankshaft rotation.

If the spark occurs too late, the piston will already be descending and the
volume of the cylinder will be increasing as the gases expand, and much of
the effect of the push is lost. More seriously, though, when the spark occurs
too late, there is not enough time for the mixture to be completely burned
before the exhaust valve opens and the burning gases are forced out of the
cylinder around the valve. This increases the cylinder head temperature and
causes serious damage to the engine.

The heat from the burning gases flowing past the exhaust valve can cause
the valve edges and carbon particles on the valves to become red hot. These
incandescent points will ignite the fuel-air mixture before the time of normal
ignition. This is called preignition, and it causes the temperature inside the
cylinder to rise so high that the fuel-air mixture reaches its critical pressure
before the piston reaches top center, causing detonation.

Special provisions must be made for delaying, or retarding, the spark for

starting so the engine will not kick back. These provisions are discussed in
detail in Chapter 5, beginning on Page 204.

Reciprocating Engines THEORY & CONSTRUCTION

dual ignition. An ignition system of an

aircraft reciprocating engine that has two
of every critical unit. including two spark

plugs in each cylinder. Dual ignition

provides safety in the event of one system

malfunctioning. but more important,
igniting the fuel-air mixture inside the
cylinder at two locations provides more
efficient combustion of the air in the
cylinder.

incandescent. Glowing because of
intense heat.

preignition. Ignition of the fuel-air
mixture inside the cylinders of a
reciprocating engine before the normal
spark occurs.
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Power Variations with Altitude

For a pilot to operate an aircraft most effectively and economically, he or she
must know the horsepower the engine is developing. The engine manufac-
turer furnishes a set of curves similar to the one in Figure 2-12 thatenables the
pilot to find the actual BHP the engine is developing, both at sea level and at
altitude, when the RPM, MAP, altitude, and inlet air temperature are known.
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Figure 2-12. Typical sea-level and altitude horsepower curves for a nonsupercharged fuel-injected engine

To use this curve, follow these steps:

1. Determine the conditions used to find the horsepower:
Engine speed = 2,400 RPM
Manifold pressure = 24 inches Hg

pressure altitude. The altitude in standard Pressure altitude = 3,500 feet
atmosphere at which the pressure is the

s - o
same as the existing pressure. Inlet air temperature = 30°F

2. Locate point A on the altitude performance curve for 2,400 RPM and
24 in. Hg manifold pressure.

3. Locate point B on the sea-level performance curve for 2,400 RPM and
24 in. Hg manifold pressure.
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4. Draw a line horizontally to the right from point B to locate point C on the
vertical Brake Horsepower at Standard Temperature and Pressure Index.
I'his engine using these values would produce 138 brake horsepower at
sca level.

5. Transfer point C to the Altitude Performance Chart and connect point A
with point C.

6. Draw a vertical line upward from 3,500 feet on the Pressure Altitude Scale
until it intersects the slanted line between points A and C on the Altitude
Performance Curve. Mark point D at the intersection of these two lines.

7. Draw a horizontal line to the left from point D to the vertical horsepower
index and note at 3,500 feet with standard temperature, the engine will
develop 144 brake horsepower. The horsepower developed at altitude is
greater than it is at sea level. This is because there is less exhaust back
pressure, and to get the same manifold pressure at altitude, the throttle must
be opened more than it is at sea level.

8. Apply a correction of 1% for each 10°F difference between the existing
inlet air temperature and the standard air temperature for the altitude
flown. If the air is colder than standard, the engine will produce more
powers; if it is warmer, the power will be less. In this example, the actual
inlet air temperature at 3,500 feet is 30°F, and the standard altitude
temperature at this altitude, point Tg, is 46°F. Since the air is 16° colder
than standard, add 1.6% of 144, or 2.3 horsepower. At 3,500 feet the
corrected power is 144 + 2.3 or 146.3 BHP.

Engine Thrust

The purpose of a reciprocating engine in an airplane is to drive a propeller to
produce the maximum amount of thrust. As previously stated, the horsepower
produced by areciprocating engine is determined in part by its RPM, with the
highest RPM producing the most the power. But the propeller’s efficiency
decreases as the blade tip speed approaches the speed of sound.

Most of the more powerful aircraft engines drive the propeller through a
set of reduction gears, which produces the best engine power and propeller
efficiency.

Reduction gears allow the engine to turn fast enough to develop the
required power while at the same time keeping the propeller speed low.
When the propeller tips reach the speed of sound, they become both noisy
and aerodynamically inefficient.

Most of the early aircraft engines were heavy and had a large piston
displacement. They turned long propellers at a slow speed to produce their
thrust. Modern engines produce power at a higher RPM, turn a much smaller
propeller, and therefore produce less thrust per horsepower.

Reciprocating Engines THEORY & CONSTRUCTION
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An engine with a large piston displacement that developed 90 horsepower at
1,400 RPM produced as much thrust as & modern engine with a smaller
displacement that develops 110 horsepower at 2,550 RPM.

Specific Fuel Consumption

One of the more meaningful comparisons of aviation reciprocating engines
is the specific fuel consumption. This is the number of pounds of fuel burned
per hour to produce one horsepower.
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BSFC (brake specific fuel consumption). Figure 2-13. A rypical Brake Horsepower — Brake Specific Fuel Consumption curve
The number of pounds of fuel burned per

hour for each horsepower produced by

the engine.
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Figure 2-13 is a typical brake horsepower-brake specific fuel consumption
curve, To find the number of gallons of fuel burned per hour by this engine
under a typical cruise condition of 2,300 RPM, follow these steps:

9

Follow the vertical line for 2,300 RPM, at the bottom of the chart, upward
until it intersects the Propeller Load Horsepower Curve.

. From this intersection, draw a horizontal line to the left until it intersects

the Brake Horsepower Index. This intersection occurs at 111 BHP.

. Follow the vertical line for 2,300 RPM upward until it intersects the

Propeller Load Specific Fuel Consumption Curve.

. From this intersection, draw a horizontal line to the right until it intersects

the Specific Fuel Consumption Pound/Brake Horsepower/Hour Index.
This intersection occurs at 0.46.

. When this engine turns at 2,300 RPM, it produces 111 brake horsepower

and burns 0.46 pound of fuel per hour for each horsepower.

. The engine burns 51.06 pounds of fuel per hour (111 - 0.46 = 51.06), and

since aviation gasoline weighs 6 pounds per gallon, the engine burns 8.51
gallons per hour while producing 111 BHP at 2,300 RPM.

In Figure 2-13, note that below 2,300 RPM, the engine is not developing as
much horsepower as it is capable of, considering the amount of fuel being
burned, and above this speed the friction horsepower required to drive the
engine has increased and the brake horsepower has decreased. The most
efficient speed for this engine is 2,300 RPM.

When the throttle is fully open, the engine will develop 180 BHP, and

because of the additional power needed just to turn the engine, the BSFC rises
to 0.55. At full throttle, the engine will burn 16.5 gallons of fuel per hour.

Reciprocating Engines THEORY & CONSTRUCTION
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| STUDY QUESTIONS: RECIPROCATING ENGINE THEORY.

Answers are on Page 86. Page numbers refer to chapter text.

L.
. The energy release cycle used by a reciprocating engine is the constant-

. The energy release cycle used by a turbine engine is the constant-

10.

Useful work is done in a heat engine when the chemical energy is released into the air and causes it to
. Page 19

(pressure or volume) cycle. Page 20

(pressure or volume) cycle. Page 20

. The Otto cycle of energy release is a constant- (pressure or volume) cycle.

Page 20

. The five events in their proper order that take place in an Otto cycle are:

s

b.
c.
d.
N
Page 21
. The intake valve opens (before or after) top center on the
stroke. Page 22
. The intake valve closes (before or after) bottom center on the
stroke. Page 22
. The exhaust valve opens (before or after) bottom center on the
stroke. Page 22
. The exhaust valve closes (before or after) top center on the
stroke. Page 22
Ignition occurs (before or after) top center on the

stroke. Page 22
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| 12

14,
15
16.
| 17.
18
| 19
20.

21

B2

. Valve overlap is the time that both the intake and exhaust valves are off of their seat. This occurs at the

end of the stroke and the beginning of the stroke.
Page 22
It (is or is not) possible to directly measure the amount of indicated horsepower

an engine is producing. Page 26

LIt (is or is not) possible to directly measure the amount of brake horsepower an

engine is producing. Page 28

It (is or is not) possible to directly measure the amount of indicated mean
effective pressure in the cylinder of a reciprocating engine. Page 26

It (is or is not) possible for a naturally aspirated engine to have a volumetric
efficiency of 100%. Page 33

If both the intake and exhaust valve clearances are too great, the volumetric efficiency will be
(increased or decreased). Page 32

The bore of a “square” engine is (longer than, shorter than, or the same as)
the stroke. Page 33

The ratio of the volume of a cylinder with the piston at the bottom of its stroke to the volume with the
piston at the top of its stroke is called the ratio of the engine. Page 34

Increasing the compression ratio of an engine (increases or decreases) its
thermal efficiency. Page 34

The practical limit to the compression ratio an engine can tolerate is determined by the
characteristics of the fuel. Page 34

The two variables over which a pilot has control that determine the horsepower produced by an aircraft
engine are:

a.
b.

Page 30

A measure of the number of pounds of fuel burned per hour to produce each brake horsepower is called
the of the engine. Page 38
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TBO (time between overhauls). The
recommended maximum number of hours.
established by an engine manufacturer,
that an engine can run between overhauls
without normal wear causing parts of the
engine wear beyond safe limits.

42

Reciprocating Engine Requirements

Engines used in FAA-certificated aircraft must meet the most rigid require-
ments imposed on any reciprocating engine. Safety is always the paramount
consideration, and it takes precedence over all others. But it is also important
that the engine meets the requirements established for its particular use. Some
of these requirements are discussed below,

Reliability
No engine would be of much value if it could not be depended upon to
perform as its manufacturer has promised. Early aircraft engines were not

reliable, and pilots had to always be aware of a suitable forced landing
spot. It was only with the advent of air-cooled radial engines (such as the
9-cylinder Wright J-5 that allowed Charles Lindbergh to make his famous
nonstop 33-hour tlight between New York and Paris in 1927), that the public
recognized aircraft engines as reliable, and saw aviation as a viable means
of transportation.

The early 1930s saw several endurance flights, with the record set by the
Key brothers of Mississippi during a flight using air-to-air refueling of 653
hours. Their 5-cylinder Wright J6-5 air-cooled radial engine ran nonstop for
more than 27 days. Almost all of the endurance flights in this era were made
with air-cooled radial engines.

Durability
One of the outstanding advancements in aircraft engine development has
been durability, which is a measure of engine life.

The comparison in Figure 2- 14 between a typical World War Iengine and
amodern general aviation engine shows the great strides that have been made
in durability as well as other engine parameters. The Curtiss OX-5 engine of
World War I had a time between overhauls (TBO) of only 100 hours, but most
did not make that; many modern engines can be expected to run forup to 2,000
hours before they must be overhauled.

! Parameters Curtiss OX-5 Lycoming 0-235
Engine type \" Horiz. Opposed
Horsepower 90 110
No. cylinders 8 4
Displacement 503 cubic inches 233 cubic inches
Weight 400 pounds 207 pounds
Cooling Water Air
RPM 1,400 2,550
Propeller length 96 inches 72 inches
Fuel consumption 9.0 GPH 6.0 GPH
Time Between Overhaul 100 hours 2,000 hours

Figure 2-14. Comparison between a World War I engine and a modern

engine of comparable horsepower
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While the TBO ol an engine is measured in hours of operation, there is more
than just hours involved. The type and frequency of operation determine the
usctul life of an engine. An engine used for student training or agricultural
operation has a shorter TBO than an engine operated by experienced pilots
tor frequent long flights at cruise power. Engines operated for only an hour
or so a month will usually have a short TBO because of the rust and corrosion
that attack the engine when it is not operating.

Operating Flexibility
Operating flexibility is the ability of an engine to run smoothly and give the
desired performance at all speeds from idle to full power.

Anengine with operating flexibility is able to function efficiently through
all variations of atmospheric conditions the pilot will likely encounter.

Specific Weight

New and stronger materials, and improved design technology have consis-
tently lowered the specific weight, or weight per horsepower, of aircraft
engines. The specific weight of an engine — the ratio of its weight to the brake
horsepower it produces—has decreased from more than 14 pounds per
horsepower for the engine used in the Wright Flyer, to less than one pound per
horsepower. Most FA A-certificated horizontally opposed engines used in
general aviation aircraft have a specific weight of just under two pounds
per horsepower.

Streamlineability
Before airplanes became efficient transportation machines with speed as

specific weight. The ratio of the weight of
an aircraft engine to the brake horsepower
it develops.

NACA cowling. A long-chord cowling
used over a radial engine. The forward

theirimportant feature, streamlining was not considered essential. Air-cooled
engine cylinders were not covered, and protruded into the air stream. Radial
engines were especially difficult to streamline because of their large frontal

portion of this cowling has an aerodynamic
shape that produces a forward pull. and the
rear portion extends back to fair in with the

area and the odd shape of the valve mechanism on the cylinder heads.

One of the first successful approaches to reducing the drag of a radial
engine was the Townend ring, which was a narrow-chord cowl around the
outside of the engine. Townend rings have an airfoil shape that smoothes the
airflow over the engine. The next major step was the long-chord, full NACA
cowling, that has been used almost exclusively over radial engines since the
late 1930s. This cowling, developed by the National Advisory Committee for
Aeronautics (NACA), the forerunner of NASA, assures a good flow of
cooling air over the engine cylinders and actually produces a forward
aerodynamic force.

Reciprocating Engines THEORY & CONSTRUCTION

fuselage. There is a narrow peripheral gap
between the rear of the cowling and the
fuselage for the cooling air to escape.
Some NACA cowlings have controllable
flaps over this opening to control the
amount of cooling air that flows through

the engine.

NACA. National Advisory Committee
for Aeronautics. NACA is the forerunner

of NASA.

NASA. National Aeronautics and Space
Administration.

”
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TUDY QUESTI

Answers are on Page 86. Page numbers refer to chapter text.

23. The ability of an engine to perform as the manufacturer has promised is known as the
of the engine. Page 42

24. The durability of an aircraft engine may be indicated by the manufacturer’s recommended
. Page 42

& A

Upright inline

T o

Inverted inline

Figure 2-15. In-line engines have all of the
cylinders arranged in a single row, either
above or below the crankcase

in-line engine. A reciprocating engine
with all of the cylinders arranged in a
straight line.
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Reciprocating Engine Configurations

The aircraft industry is different from the automobile industry in that no
airframe manufacturers build their own engines. This allows the engine
manufacturers a great amount of freedom to develop engines suitable for
aircraft built by many different manufacturers.

Cylinder Arrangement

One of the most obvious ways to classify aircraft engines is by the arrange-
ment of the cylinders on the crankcase. Each arrangement has advantages and
disadvantages; the most commonly used arrangements are discussed below.

in-Line Engines

One of the simplest configurations is to arrange all the cylinders in a straight
line on the crankcase. This configuration has a minimum frontal area and is
easy to streamline, but its weight is relatively high because of the long, heavy
crankshaft this engine requires.

There are two types of construction used in in-line engines: individual
cylinders bolted to the crankcase, or all the cylinders cast into a single
aluminum alloy block with steel liners in each of the cylinders.

The cylinders of an in-line engine may be mounted above the crankcase
in upright engines or below the crankcase in inverted engines. Upright
engines are easier to lubricate, but the pilot will have unrestricted forward
visibility with an inverted engine. In-line engines can be either liquid- or air-
cooled; air cooled is the more popular.
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V-Engines
A logical step from the in-line engine when more power was needed was the
V-engine that had two banks of in-line cylinders mounted on the same
crankcase, and separated by an angle of between 45° and 90°. One cylinder
in each bank shared a throw of the crankshaft. Some of the earliest successful
aircraft engines were liquid-cooled V-engines. This configuration was the
most widely used until the air-cooled radial engine took overin the late 1920s.
The two most popular engines built in the United States during World War I
were the 90-horsepower water-cooled V-8 Curtiss OX-5, and the 400-
horsepower, water-cooled Liberty V-12. Almost all V-engines were liquid-
cooled, but a few have been air-cooled. V-engines may be upright, with the
cylinders above the crankcase or inverted with the cylinders below.
Liquid-cooled V-12 engines made by Allison, Packard, and Rolls-Royce
were used as late as World War II to power such fighter airplanes as the
Lockheed P-38 Lightning and the North American P-51 Mustang.

Radial Engines

The crankshaft in an in-line or V-engine is the heaviest single component, and
in an effort to reduce weight, the radial engine was developed. An odd number
of cylinders, 3, 5, 7, or 9, are mounted radially, like the spokes of a wheel,
around a small central crankcase.

During World War I, one popular configuration of aircraft engine was the
rotary radial. The crankshaft was rigidly attached to the airframe, and the
propeller and cylinders which were attached to the crankcase, rotated as a unit.
The rotation of the cylinders made air cooling practical. These engines turned
slowly, and some of them weighed less than two pounds per horsepower,
which was exceptionally good for World War I engines.

The crankcase of a static radial engine attaches to the airframe, and the
piston in one cylinder connects to the single-throw crankshaft with a master
rod; the pistons in all of the other cylinders connect to the master rod by link,
or articulating, rods.

Radial engines producing less than 200 horsepower usually have three or
five cylinders. Engines producing between 200 and 1,000 horsepower quite
often have either seven or nine cylinders. When more horsepower is needed,
two rows and sometimes four rows of cylinders are used. Two-row radial
engines have two rows of either seven or nine cylinders mounted on the
crankcase and drive a two-throw crankshaft. The largest practical radial
engine is the Pratt & Whitney R-4360 Wasp Major, which has four rows of
seven cylinders driving a four-throw crankshaft. The military version of this
engine weighs 3,670 pounds and, with antidetonation injection, produces
3,800 horsepower at 2,800 RPM.

Almost all radial engines are air-cooled, and by the careful use of NACA
cowlings, the cooling drag has been reduced to a level compatible with the
more streamlined in-line or V-engines.

Reciprocating Engines THEORY & CONSTRUCTION

Upright V Inverted V

Figure 2-16. V-engines are essentially
two banks of in-line cylinders mounted on
a single crankcase. The cylinder banks
are separated by an angle of between 45°
and 90°. One piston in each bank of
cylinders connects to each throw of the
crankshaft. V-engines may be either
upright or inverted.

inverted engine. An in-line or V-engine in
which the cylinders are mounted below the
crankshaft.

V-engine. A form of reciprocating engine
in which the cylinders are arranged in two
banks. The banks are separated by an
angle between 45° and 90°.

rotary radial engine. A radial engine with
the crankshaft attached to the airframe and
the propeller mounted rigidly to the
crankcase. The propeller. crankcase, and
cylinders revolve as a unit.

e { g o
Cp

Figure 2-17. The cylinders of a radial
engine radiate out from the crankcase like
the spokes of a wheel.
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liaison aircraft. A type of light mulitary
aircraft made popular during World War {i
because of its ability to land and takeoft
from unimproved terrain. Lunson aircraft
have been replaced with heheopters.

radial engine. A reciprocaling engine in
which the cylinders are arranged like the
spokes of a wheel radiating out from a
small central crankcase.

propeller end. The end of a reciprocating
engine to which the propeller is attached.

antipropeller end. The end of a recipro-
cating engine that does not attach to the
propeller.

accessory end. The end of a reciprocating
engine on which many of the accessories
are mounted.
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Horizontally Opposed Engines

Radial engines have the advantage of bemng lightweight for the amount of
power they produce, but they are difficult to streamiine in a narrow fuselage.
An in-line engine is easy to streamline in a narrow luselage, but it has a high
weight for its power.

Just before and during World War L. horizontally opposed four-and six-
cylinder engines were developed and provided reliable service in many of
the liaison aircraft. After the war ended and production of private aircraft
resumed, it was seen that a six-cylinderopposed engine could replace aseven-
cylinder radial, and be more casily streamlined. The opposed engine allowed
much better forward visibility, and its width was no problem since almost all
production aircraft had side-by-side seating. Because it is inherently a smooth
engine, it uses fewer and larger cylinders than a radial engine of comparable
horsepower, and it is similar in weight.

Horizontally opposed engines generally turn faster than radial engines of
the same power, and the higher RPMs require a shorter propeller to keep the
tip speed below the speed of sound. This works fine for the tricycle landing
gears used on most of the airplanes built since World War II.

The horizontally opposed engine came along at the right time and with the
right advantages, and today, all FAA-certificated reciprocating engines built
in the United States are horizontally opposed. Most of these engines have
either four or six cylinders.

Figure 2-18. The horizontally opposed engine has the advantage of smoothness of
operation, small frontal area, and light weighi.
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Cylinder Numbering

It is extremely important when studying the operation of a reciprocating
engine that you understand the way the cylinders are numbered. Consider the
following ways the cylinders of radial, in-line, V, and horizontally opposed
engines are numbered.

Radial Engines

All radial engines number the cylinders with the top cylinder as number | and
progress consecutively around the engine in the direction of crankshatft
rotation. In two-row radial engines, the cylinders with odd numbers are in the
rear row, and the even numbers in the front row.

In-line and V-Engines
The front and rear sides of an engine are not determined by the way the engine
ismounted in the aircraft, but are designated as the propeller and antipropeller,
or accessory, ends. The left and right side are determined by looking toward
the propeller from the accessory end.

Cylinder number one on an in-line engine is the cylinder nearest the
accessory end, and the numbers progress toward the propeller.

Cylinders on a V-engine are numbered in the same way, but you identify
the left and right banks by looking from the accessory end toward the pro-
peller, regardless of the way the engine is installed in the aircraft.

e

4L 4R
3L 3R
4 3 2 1

21 2R
(

1L

1R
= —
Inline engine V engine

Figure 2-20. The cylinders of an in-line or V-engine are numbered beginning at the
accessory end of the engine. The left and right banks of a V-engine are determined by
looking from the accessory end toward the propeller.
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18-Cylinder twin row

Figure 2-19. The cylinders of a radial
engine are numbered consecutively from
the top cylinder around the engine in the
direction of rotation. In a two-row radial
engine all of the odd-numbered cylinders
are in the rear row, and all of the even-
numbered cylinders are in the front row.
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9-Cylinder single row
1-3-5-7-9-2-4-6-8

18-Cylinder twin row
1-12-5-16-9-2-13-6-17-
10-3-14-7-18-11-4-15-8

Figure 2-22. Firing orders and firing
sequences for 9- and 18-cylinder
radial engines.
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Horizontally Opposed Engines

The two major manufacturers of horizontally opposed engines in the United
States are Teledyne-Continental Motors (TCM) and Textron-Lycoming. The
engines produced by both manufacturers have the cylinders on one side
slightly offset from those on the oppostte side so cach connecting rod has its
own throw on the crankshatt. The right-hand bank of cylinders on TCM
engines is offset to the rear of the cylinders on the left side, and cylinder
number 1 is the right rear cylinder. The right-hand bank of cylinders on
Textron-Lycoming engines are offset forward, and cyhinder number 1 is the
right front cylinder.

[

=
Teledyne-Continental Motors Textron-Lycoming

Figure 2-21. Teledyne-Continental Motors and Textron-Lycoming number the engine
cylinders differently, but in both engines, cylinder number | is on the right side.

Firing Order

The smoothness with which a reciprocating engine runs is determined by the
spacing and the timing of the firing impulses. An engine is inherently smooth
when all of the firing impulses are separated by an equal number of degrees
of crankshaft rotation; the closer together the firing impulses, the smoother
the engine.

Radial Engines
A single-row radial engine fires cylinder number 1, then fires every other
cylinder in the direction of rotation. For a nine-cylinder engine, the firing
order is 1-3-5-7-9-2-4-6-8. All cylinders fire in two revolutions (720°) of
crankshaft rotation.
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The firing order for a twin-row radial engine looks complicated. but it is
logical when you consider these steps:

I. The top cylinder in the rear row fires first. This is cylinder 1.

2. The next cylinder to fire is in the front row, following the direction of
rotation from the cylinder that is directly across the engine from cylinder
1. This is cylinder 12.

3. The next cylinder to fire is in the rear row and is the second cylinder in the
direction of rotation from cylinder 1. This is cylinder 5.

4. The next cylinder in the front row to fire is the second cylinder in the
direction of rotation from cylinder 12. This is cylinder 16.

5. The sequence continues with every other cylinder in the rear row firing
between every other cylinder in the front row. See Figure 2-22.

An easy way to determine the firing order of an 18-cylinder twin-row radial
engine is to start with cylinder | and add 11 or subtract 7, whichever is needed
to keep the number between I and 18 (1-12-5-16-9-2-13-6-17-10-3-14-7-18-
11-4-15-8). The same method can be used to find the firing order of a 14-
cylinder twin-row engine. Add 9 or subtract 5 to keep the numbers between
1 and 14 (1-10-5-14-9-4-13-8-3-12-7-2-11-6).

in-Line and V-Engines
The crankshaft in a four-cylinder in-line engine has two sets of throws, 180°
apart. The throws for cylinders 1 and 4 are together, and the throws for
cylinders 2 and 3 are together, and are 180° from those for 1 and 4. The pistons
in cylinders 1 and 4 are at the top of their stroke at the same time the pistons
in cylinders 2 and 3 are at the bottom of their strokes. This movement of the
pistons gives the engines a firing order of 1-2-4-3 or 1-3-4-2.

V-8 engines are essentially two four-cylinder banks on a single crank-
case, with one cylinder in each bank sharing a crankshaft throw. The left bank
fires 1-2-4-3, and the right bank fires 4-3-1-2.

The crankshaft used in a six-cylinder in-line engine has three sets of throws,
120° apart. The throws for cylinders 1 and 6 are together, and 120° from those
are the throws for cylinders 2 and 5. 120° from 2 and 5 are the throws for
cylinders 3 and 4. With this arrangement, the pistons in cylinders 1 and 6 come
to the top of their stroke together; then 120° later, pistons 2 and 5; and then
120° later, pistons 3 and 4. This type of crankshaft gives the engine a firing
order of 1-5-3-6-2-4.

A V-12 engine has two banks of six cylinders firing the same sequence,
but the right bank starts its firing at the opposite end of the engine.

Reciprocating Engines THEORY & CONSTRUCTION

Four-cylinder inline
1-2-4-3

Six-cylinder inline
1-5-3-6-2-4

(i
(3L“"\—~\ \ < ‘:/,\’
(2L’// ‘

7 U
-

[

V-8
1L-4R-2L-3R-4L-1R-3L-2R

5 ,/:6R>

V-12
1L-6R-5L-2R-3L-4R -
6L-1R-2L-5R-4L- 3R

Figure 2-23. Firing order for in-line and

V-engines
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Horizontally Opposed Engines
Both Teledyne-Continental Motors (TCM) and Textron-Lycoming make
four- and six-cylinder horizontally opposed engines. Their four-cylinder
engines use a 180° crankshaft and their six-cylinder engines use a 60°
crankshaft. Textron-Lycoming also makes an eight-cylinder horizontally
opposed engine with a 90° crankshatt.

The right-hand bank of cylinders on TCM engines are offset to the rear
of the cylinders on the lelt side, and cylinder number 1 is the right rear
cylinder. The firing order for a four-cylinder TCM engine is 1-4-2-3. The
firing order for a six-cylinder TCM engine is 1-6-3-2-5-4.

The right-hand bank ol cylinders on Textron-Lycoming engines are
offset forward, and cylinder number 1 is the right front cylinder. The firing
order for a Textron-lycoming engine is 1-3-2-4, for a six-cylinder engine it
is 1-4-5-2-3-6, and for an eight-cylinder engine it is 1-5-8-3-2-6-7-4.

Four-cylinder Six-cylinder
1-4-2-3 1-6-3-2-5-4

Teledyne-Continental Motors

Four-cylinder Six-cylinder Eight-cylinder
1-3-2-4 1-4-5.2-3-6 1-5-8-3-2-6-7-4

Textron-Lycoming

Figure 2-24. Firing order for horizontally opposed engines
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Cooling Systems

In a reciprocating engine, about 12% of the energy in the burned fuel is
absorbed as heat in the engine, and some form of cooling system must be used
o remove it.

Most of the heat is removed from the cylinders by either air or liquid
cooling. Air cooling transfers the heat directly to the air passing through fins
on the cylinders. Liquid cooling first transfers the heat to a coolant flowing
through jackets around the cylinders and then carries it outside the aircraft,
where it is transferred to the air flowing through a radiator.

The lubrication system also removes some heat from the engine. Lubri-
cating oil inside the engine carries heat from the cylinder walls and the bottom
of the pistons to the outside of the engine, where it is transferred into the air
flowing through the oil cooler.

Liquid Cooling

Many of the early in-line and V-engines used in aircraft were water-cooled.
Water was pumped through jackets around the cylinders to pick up heat, and
then pumped out of the engine to a radiator where it gave up this heat to the
outside air. Water is an inefficient medium for cooling, as it boils at too low
a temperature, especially at altitude, and a large radiator was needed for
removing the heat. It was found that by using either pure ethylene glycol, a
type of alcohol, or a mixture of ethylene glycol and water, and by holding the
cooling system under pressure, that the operating temperature of the engine
could be raised, and the radiators could be made much smaller.

Almost all radial and horizontally opposed engines have been air-cooled,
but Teledyne-Continental has recently introduced a series of liquid-cooled
horizontally opposed engines that appears to have a great future. These liquid-
cooled engines have a higher compression ratio and a lower specific fuel
consumption than comparable air-cooled engines. Liquid-cooled engines are
alsomuch less susceptible to thermal shock from rapid descents from altitude.

Air Cooling

Early water-cooled engine installations were plagued with leaks in the
plumbing, and were heavy. In the mid-1920s, cylinders were designed that
allowed air-cooled engines to develop power comparable to large water-
cooled engines. Efficient cowlings and pressure cooling have made air-
cooled engines the standard for aircraft powerplants.

Reciprocating Engines THEORY & CONSTRUCTION

thermal shock. The sudden change in
engine operating temperature that occurs
when engine power is suddenly reduced at
the same time the airspeed. thus the
cooling. is increased. Thermal shock
occurs when an aircraft is required to
rapidly descend to a lower altitude.

pressure cooling. A method of air cooling
in which the engine is housed in a tight-
fitting cowling that is divided into two
compartments. Ram air enters one
compartment and is directed by baffles
through the fins on the cylinders to the
other compartment. The exit cowling from
the discharge compartment is flared so air
flowing over it produces a low pressure
that helps the ram pressure force the
maximum amount of air through the fins.
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sump (lubricating system component).

The reservoir on an aircraft engine that
holds the lubricating oil.
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Lubrication Systems

The lubrication system of an aircraft engine reduces internal friction, cush-
ions the impacts caused by the power strokes, and removes part of the wasted
heat. There are two basic types of lubrication systems used on aircraft
reciprocating engines: wet-sump and dry-sump.

Wet-sump engines carry all the lubricating orl in an integral sump that is
a part of the crankcase. This is similar to most awtomobile engines. Many
horizontally opposed engines use wet-sump systems.

Dry-sump lubrication systems are normally used by radial engines, with
their small crankcases. and inverted in-line and V-engines whose crankcases
are above the cvlinders. Some horizontally opposed engines mounted in
shallow nacelles, also use dry-sump systems. The oil is stored in an external
tank, and pumped through the engine, where it performs its lubrication and
cooling functions. It is then returned to the tank and stored until it is pumped
through the engine again. The circulation of oil from the tank through the
engine and back allows the oil to be continually filtered and cooled.

Engine Identification

Some manufacturers have identified their engine series with names; for
example, the Wright Aeronautical Corporation named its engines after
meteorological conditions such as Whirlwind and Cyclone. Pratt & Whitney
used insect names such as Wasp and Hornet. Presently in the United States,
reciprocating engines are identified with a letter to indicate the cylinder
arrangement, and a number to indicate the piston displacement in cubic
inches. This is followed by other letters to indicate characteristics of the
specific engine.

An engine identified as a TSIO-520-C is a turbocharged (TS), fuel
injected (I), horizontally opposed (O) engine with 520 cubic inches of piston
displacement, and it is the third version (C) of this engine.

Some of the most commonly used identifying letters are:

R — Radial

O - Opposed

A — Aerobatic

G — Geared nose section

H - Horizontal, for helicopter
I — Fuel-injected

L -Left-hand engine rotation
S — Supercharged

T or TS — Turbocharged

V - Vertical for helicopter
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Answers are on Page 86. Page numbers refer 1o chapier text.

26.
v

28.

30.

31

. An engine with all of the cylinders arranged in a single straight row is called a/an

engine. Page 44

The odd-numbered cylinders in a twin-row radial engine are in the
(front or rear) row. Page 47

The firing order of a six-cylinder Textron-Lycoming engine is
Page 50

The firing order of a six-cylinder Teledyne-Continental engine is

Page 50

. Liquid-cooled engines use a mixture of water and as the coolant. Page 51

An engine that carries its lubricating oil supply in the engine crankcase is called a

engine. Page 52

Give the meaning of each of the letters and numbers in the identification of a TIO-360 engine.

a. T means

b. I means

c. O means

d. 360 means
Page 52
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boss. An enlarged area in a casting or
machined part. A boss provides additional
strength to the part where holes for

nounting or attaching parts are drilled.

choke-ground cylinder. A cylinder of a
reciprocating engine that is ground so that
its diameter at the top of the barrel is
slightly smaller than the diameter in the
center of the stroke.

The large mass of metal in the cylinder
head absorbs enough heat to cause the top
end of the barrel to expand more than the
rest of the barrel. At normal operating
temperature. the diameter of a choke-

ground cylinder is uniform throughout.
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The horizontally opposed engine is the only contiguration of FAA-certifi-
cated reciprocating engines currently manutaciured in the United States. For
this reason we will consider it [irst. Then we will consider the radial engine,
because it is still being used in agricultural applications and for some heavy
cargo hauling operations.

Cylinders

The chemical encrey in tuelis changed into heatenergy. and then into mecha-

nical work in the cylinders of areciprocating engine. The cylinders receive the

greatest amount ol stress and are exposed to the highest temperatures.
Most cvlinders used on horizontally opposed engines are air-cooled.

However, Teledyne-Continental Motors is currently manufacturing liquid-

cooled horizontally opposed engines called the Voyager series.

Some of the early horizontally opposed engines had the cylinders cast
integrally with the crankcase halves and had removable heads. All the modern
engines have separate cylinders with the heads screwed and shrunk onto
the barrels.

A modern air-cooled cylinder assembly consists of a high-strength steel
barrel and a cast-aluminum head fitted with valve seats, valve guides, and
threaded inserts for the spark plugs. There are also rocker shaft bosses with
bushings pressed into them in which the rocker shafts ride. Each of these
components will be discussed. See Figure 2-25.

Cylinder Barrels
The cylinder barrel is machined from a high-strength chrome-molybdenum
or chrome-nickel-molybdenum steel forging. The bottom end of the cylinder
barrel has a skirt machined to fit into the crankcase, and the heavy flange just
above the skirt is drilled with holes through which the mounting studs pass to
attach the cylinder to the crankcase.

Cooling fins are machined on the outside of the barrel for most of its
length, and the outer surface of the top of the barrel is threaded so it can be
screwed into the cylinder head.

Many cylinder barrels are ground so that their diameter at the top of the bore
is smaller than the diameter at the center or bottom. The reason for this
process, called choke-grinding, is that the highest operating temperature in
the cylinder is at the top, where the barrel screws into the head, and when the
engine is hot, the upper end of the cylinder expands more than the rest. The
smaller diameter at the top causes the bore to become straight when the
cylinder is at its operating temperature.
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Figure 2-25. A nypical cylinder for an air-cooled horizontally opposed engine

The inner surface of the cylinder barrel is ground to a specified dimension, and
then the surface is honed with a 45° criss-cross, or cross-hatched, finish that
is specified by the engine manufacturer. The degree of surface roughness is
extremely important, because it must be smooth enough that it will not cause
excessive ring wear, yet rough enough that it will hold oil for lubrication. The
exact surface roughness is specified in terms of microinches rms (root mean
square). For example, a surface finish of 15-25 U in. rms means that the
highest and lowest deviation from the average surface can range between 15
and 25 millionths of an inch. This is typical for a honed surface. The surface
roughness is measured with an instrument called a profilometer.
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honing (cyiinder wall treatment).
Scratching the surface of the cylinder wall
with an abrasive to produce a series of
grooves of microscopic depth and uniform
pattern. The honed pattern holds oil to
lubricate the cylinder walls.

microinches rms. A measure used for
cylinder wall surface roughness. Twenty
microinches rms means that the highest
and lowest deviation from the average
surface is 20 millionths of an inch.

rms. Root mean square. A dimension that
is the square root of the average of an
infinite number of varying values. An rms
dimension is used to indicate the allowable
surface roughness of a reciprocating
engine cylinder wall.

profilometer. A precision measuring
instrument used to measure the depth of
the hone marks in the surface of a
cylinder wall.
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channel-chromed cylinders. Recipr
ing engine cylinders with hard chromium-

plated walls. The surface ol this chrome
plating forms a spider web ol tiny stress
cracks. Deplating current enlarges the
cracks and forms channels that hold
lubricating oil on the cylinder wall.

nitriding. A method of case hardening
steel. Steel is placed in a retort (a sealed.
high-temperature furnace), and heated to a
specified temperature while surrounded by
ammonia gas (NH ;). The ammonia breaks
down into nitrogen and hydrogen, and the
nitrogen unites with some of the alloying
elements in the steel to form an extremely
hard surtace.

Nitriding hardens crankshaft bearing
surfaces and cylinder walls in reciprocat-
ing engines. [t takes place at a lower
temperature than other forms of case
hardening, and does not cause warping.
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Some cylinder walls are hardened, either by chrome plating or by a process
called nitriding.

Chrome-plated cylinders are ground so their diameteris slightly oversize,
and then the inside of the barrel is electrolytically plated with hard chromium
to the required dimension. The traditional hard chrome. or channel chrome,
used on cylinder walls since World War II has the characteristic of forming
a spider web pattern of minute cracks, or channels, on its surface. When the
plating is completed, the plating current is reversed, and some of the chrome
is removed. The deplating current removes chrome from the cracks at a much
faster rate than it does from the crack-free areas, or plateaus. The deplating is
continued until the cracks, or channels, are about 0.0045 inch deep and 0.004
inch wide. These channels hold enough oil to assure adequate lubrication.

Chrome-plated cylinders have the advantage of better heat transfer and a
surface that is harder and more corrosion- and scuff-resistant than plain steel.
They have the disadvantage that the lubricating film on the surface of the
chrome is not as strong as the film that forms on plain steel cylinder walls.
Chromed cylinders are identified by a band or bands of orange paint around
the cylinder base or by orange paint on some of the fins.

Nitriding is a process of case hardening in which the cylinder barrel is heated
in an atmosphere of ammonia gas. The alloying elements in the steel com-
bine with the nitrogen from the ammonia to form extremely hard nitrides on
the surface.

Nitriding is not a plating, and it causes a dimensional growth of 0.0004
inch or less. It hardens the surface to a depth of about 0.002 inch, with the
hardness decreasing gradually from the surface inward. After nitriding a
cylinder, it is honed to give it the desired degree of surface roughness.
Nitrided cylinders are identified by a band of blue paint around the base or by
blue paint on some of the fins.

One drawback to nitriding is the tendency of cylinders to rust or corrode.
Nitrided cylinders must be kept covered with a film of engine oil, and if the
engine is out of service for any length of time, the cylinder walls should be
protected with a coating of a tenacious preservative oil.

Cylinder Heads
The head of an air-cooled cylinder is cast of aluminum alloy, and its open end
is internally threaded so it can be screwed onto the steel cylinder barrel.
The aluminum alloy head expands more than the steel barrel, and to
prevent the head from loosening when it becomes hot, the threaded joint is
designed with an interference fit. The external diameter of the threaded
portion of the barrel is larger than the internal diameter of the threads inside
the cylinder head. The head is heated to expand it and the barrel is chilled to
shrink it. This allows the barrel to be screwed into the head, and when the head
and barrel reach the same temperature, the joint will be extremely tight and
able to withstand combustion pressures of up to 800 psi without leaking.
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All currently produced FAA-certificated reciprocating engines have dual
ignition. This requires each cylinder to have two spark plugs located in such
a way that they ignite the fuel-air mixture on both sides of the cylinder, so
that the flames started by both of the spark plugs will meet in the center of
the piston.

Cast-aluminum-alloy cylinder heads would be damaged by the frequent
changing if the spark plugs were screwed directly into the heads, so inserts are
used to protect the threads. In most of the older engines, the spark plugs were
screwed into bronze bushings that were shrunk and pinned into the cylinder
head, but most modern engines use Heli-Coil inserts. These are special
stainless steel spirals with a diamond-shaped cross section that forms the
threads into which the spark plug screws. The spark plug hole is tapped with
a special Heli-Coil tap and the insert is screwed into it, using a special
insertion tool. Damaged inserts can be easily replaced. See Figure 2-26.

Almost all modern aircraft engines use poppet valves in the cylinder heads.
The cast-aluminum alloy is too soft for the valves to pound against each time
they close, and excessive wear would occur as the valve stems continually
move up and down when the engine is running. Special valve seats and guides
are shrunk into the heads to prevent this wear.

Most horizontally opposed engines actuate the valves with pushrods and
rocker arms. The rocker shaft bosses have bronze bushings pressed into the
holes in which the rocker shafts ride.

The most heat in a reciprocating engine is produced in the cylinder head,
and fins are cast into the head to carry this heat away. The side of the head
containing the exhaust valve has a greater number of fins than the side that
contains the intake valve. The fuel-air mixture flowing into the cylinder
through the intake valve port helps cool that side of the cylinder. See Figure
2-25 on Page 55.

Valve Assemblies

Four-cycle reciprocating engines must have a means of getting the fuel-air
mixture into the cylinder and getting the burned gases out. This is done by
intake and exhaust valves. There have been a number of different types and
arrangements of valves used in aircraft reciprocating engines, sleeve valves
and poppet valves being the most popular.

Sleeve valves were used on some of the large British radial engines during
World War II and in the immediate postwar era. In a sleeve-valve engine, the
piston rides up and down inside a steel sleeve that itself rides inside the
cylinder, and is rotated back and forth and up and down by a geared sleeve-
drive crank. Holes in the sleeve uncover intake and exhaust ports in the
cylinder wall at the proper time in the cycle.
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Figure 2-26. Spark plugs screw into
Heli-Coil inserts that are used to protect
the threads in the soft cast-aluminum
cvlinder head.

Heli-Coil insert. The registered trade
name ol a special helical insert used to
restore threads stripped trom a bolt hole.
or to reinforce the threads in an aluminum
casting.

rocker arm. A pivoted arm on the
cylinder head of a reciprocating engine.
The pushrod forces one end of the rocker
arm up. and as the other end moves down.
it forces the poppet valve off of its seat.

poppet valve. A T-shaped valve with a
circular head. Poppet valves are used to
cover the intake and exhaust openings in
the cylinder head of a reciprocating
engine. The valves are held closed by one
or more coil springs and are opened by a
cam lobe or a rocker arm pushing on the
end of the valve stem.
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Flat head

Tulip head

Figure 2-27. Intake poppet valve
head shapes

stellite. A nonferrous alloy of cobalt,
chromium. and tungsten. Stellite is hard,
wear resistant, and corrosion resistant. and
it does not soften until its temperature is
extremely high.

Stellite is welded to the faces of many
reciprocating engine exhaust valves that
operate at very high temperatures.

interference angle. The difference
between the angles the valve seat and the
valve face are ground.
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A sleeve-valve engine has wide-open passaves throuch which the gases flow
as they move into and out of the cylinder, but a poppet valve obstructs the
passage. In spite of this obstruction, the simpler design of the poppet valve
makes it the most universally used valve mechanism in modern aircraft
engines.

There have been a number of poppet valve configurations used in aircraft
reciprocating engines, with the L-head and valve-in-head as the most popular.
An L-head cylinder has both the intake and exhaust valve on one side of the
cylinder, with the valve stems pointing toward the crankshalft.

As aircraft engines evolved, the valve-in head arrangement has proven
superior, and today, almost all engines have both the intake and exhaust valve
in the cylinder head. These are actuated by either a pushrod and rocker arm,
or in some engines, by overhead cams. In the discussion that follows, we will
limit the explanation to cylinders with valves in the head that are actuated by
pushrods and rocker arms.

Valves
Poppet valves have a hardened and polished stem that rides up and down in
the valve guides in the cylinder head. The valve head, at right angles to the
stem, has a face which seals against the valve seat that is shrunk into the
cylinder head.

Intake valves are usually made from hardened, high-strength alloy steel
and may have either a flat or tulip head. They are cooled by the fuel and air
mixture flowing past them during the intake stroke.

The exhaust valves take more punishment than any other component in an
engine. They sit directly in the stream of hot gases, and their head is
continually pounded against the valve seat. Exhaust valves resemble intake
valves, but they are different in their construction and in the material from
which they are made. Many exhaust valves have stellite inserts welded to their
tips and faces. Stellite is a hard, wear-resistant alloy of tungsten, cobalt, and
chromium that does not soften at the temperatures encountered on an exhaust
valve face.

Many exhaust valves have a hollow stem, and some also have a hollow,
mushroom-shaped head. The cavity in a hollow valve is partially filled with
metallic sodium that aids in cooling the valve. Sodium is a soft metallic
chemical element that melts at approximately 98°C (208°F) and is molten
when the engine is operating. It sloshes up and down inside the valve stem and
absorbs heat from the valve head, then carries it into the stem. From there the
heat is transferred into the valve guide, then into the cylinder head and fins,
and finally into the air.
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The intake and exhaust valves must form an airtight seal with the seats on
which they ride. The angle the valve face forms with the valve head is
extremely important. Most intake valves are ground with a 30° angle, and the
exhaust valves with a 45° angle.

The shallower angle for the intake valve is chosen to provide the
maximum amount of airflow into the cylinder when the valve is open, and to
provide the longest life for the valve.

The steeper angle used on the exhaust valve increases the seating pressure
of the valve and helps prevent carbon build-up on the valve face.

The valve faces and valve seats are not always ground to exactly the same
angle, but the face of the valve is usually ground 0.5° to 1° flatter than the
valve seat. This difference in angle, called an interference angle, allows the
valve to form a line contact with the seat that provides a good seal at the
operating temperature of the cylinder.

Valve Guides

Valve guides are made of bronze or steel and have an interference fit in the
cylinder head. The outside diameter of the guide is larger than the diameter
of the hole into which it fits. The head is heated to expand the hole, and the
guide is driven into the head with a special drift.

It is extremely important that the valve stem have the proper fit in the
guide for it to be able to transter the heat from the valve into the cylinder head.
After the guide has been pressed into place, it is reamed to the fit specified in
the engine overhaul manual.

Valve Seats

The head of a poppet valve continually pounds against its seat, and the soft
cast-aluminum alloy head would be destroyed in a short time if the valves
were seated directly against it. To prevent the valves from damaging the head,
rings of steel or bronze alloy are shrunk into the valve opening.

Some engines use forged high-strength alloy steel for the exhaust valve
seat, and some have a stellite insert welded into the seat to prevent the hot
gases from eroding its surface. Intake valve seats are not subject to such
intense heat, and they are usually made of some form of bronze.

The holes for the valve guides and the recesses for the valve seats are line-
bored so they have the same center. The outside diameters of the valve seats
are several thousandths of an inch larger than the holes into which they are to
fit. The head is heated in an oven, and the seat is chilled with dry ice. The seat
is then pressed into the seat recess. When the cylinder and seat reach auniform
temperature, the seat is so tight that it will not loosen in normal service.

It is extremely important that the holes in the valve guide and the valve
seat be in perfect alignment so the valve will provide a good seal with the seat.
After the guide and seat are installed, the hole in the guide is reamed for the
correct size and straightness, and the seat is ground to the required angle,
using a tool that is guided by a pilot through the hole in the guide.
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Stellite tip

Metallic
sodium

Stellite

Figure 2-28. Hollow sodium-filled
exhaust valve

interference fit. An assembly fit in which
the hole is smaller than the part that fits
into it. The material containing the hole is
heated 1o expand the hole. and the object to
tit in the hole is chilled to shrink it.

reamed fit. The fit of a shaft in a hole in
is drilled undersize and cut
with a reamer to the correct diameter.

which the hal
Wiicn e nNot

line boring. A method of assuring that the

holes for all beari for a crankshaft or

camshaft are in correct alignment.
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When a cylinder is overhauled, both the valve face and seat are ground to
provide the best possible seal. The ermdinge process is discussed in the section
on engine overhaul, in Chapter 9 beginming on Page 316.

Valve Springs and Retainers

Poppet valves are opencd by pressure from the camshalt acting through the
valve lifter, pushrod. and rocker arm. They are closed by the force of two or
more coil springs around the valve stem. See Figure 2-30.

The valve springs are installed on a lower valve spring seat that fits in
the bottom of the rocker box to prevent the spring from wearing the soft
aluminum-alloy cylinder head. Two or more springs are installed on the
lower seat, and the upper spring seat is installed. The springs are compressed,
and two split-cone-type keys, or retainers, are installed between the upper
valve seat and a groove machined near the end of the valve stem. When the
spring is released, the keys are forced into the groove, and the springs hold the
valve tight against its seat.

rocker box. The enclosed part of a
reciprocating engine cylinder that houses
the rocker arm and valve mechanism.

Aluminum alloy
cylinder head

Split cone-type valve retainer

Upper valve spring seat

. 7%_/__ Inner valve spring

Valve { a 2]
guide — 7 _~<«—— Outer valve spring
o
Valve
spring
seat
Lower valve
spring seat
Valve guide
Valve
seat

Poppet valve

Valve seat

Figure 2-29. The valve seat and valve guide are both pressed into
holes that have been line bored in the aluminum alloy cylinder
head, and are reamed so they are perfectly concentric.
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Figure 2-30. The face of the poppet valve is held tight against
its seat by the combined action of the two valve springs. The
springs are locked between the upper and lower spring seats by
the wedging action of the split-cone valve retainer between the
groove in the valve stem and the upper valve spring seat.
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F'wo or more springs are used on each valve to prevent valve surge, or float.
Fvery cotl spring has a natural resonant frequency at which it can be deflected
the maximum distance with the minimum amount of force. When impulses
are applied to the spring at this particular frequency, the spring loses its ability
lo oppose them. If a single spring were used around the valve, when the engine
RPM was such that the valve opened at the resonant frequency of the spring,
the spring would lose its ability to close the valve, and the valve would float.
Valve float is prevented by using two or three springs, with each made of a
different gage wire. The springs have a different diameter and pitch and are
wound in opposite directions. The springs have different resonant frequen-
cies, and when the engine operates at a speed at which one spring is resonant,
the other spring or springs effectively close the valve.

Some valves have a groove cut in their stem with a safety circlet installed.
The circletis a small snap ring that grips the valve stem so that if the tip should
ever break off in operation, the circlet will contact the top of the valve guide
and prevent the valve from dropping into the combustion chamber.

Pistons
The piston is the device that moves back and forth, or reciprocates, inside the
cylinder, and converts the energy in the expanding gases into useful work.

Most aircraft engine pistons are machined of either cast or forged
aluminum alloy. Figure 2-31 shows a cross section of a typical aircraft
engine piston. The inside of the head and walls have fins that enable the
lubricating oil in the crankcase to pick up some of the heat. Grooves are
machined around the outside of the piston and are fitted with rings that seal
the piston in the cylinder bore and control the amount of oil allowed to remain
on the cylinder walls.

The piston is attached to the connecting rod by the wrist pin which passes
through holes in the piston walls in a built-up area called the wrist pin boss.
The extra mass of metal in the boss absorbs more heat than the thin wall of the
piston, causing the piston to expand nonuniformly. It is important that the
piston be as near perfectly round as possible when it is at its operating
temperature, so some pistons are cam ground with the dimension perpendicu-
lar to the wrist pin a few thousandths of an inch larger than the dimension
parallel to the pin. When the piston heats up, the greater mass of metal in the
boss area causes it to expand until it is perfectly round.

The compression ratio of an engine can easily be changed by changing the
pistons. Installing a piston whose head comes closer to the cylinder head
decreases the volume of the cylinder when the piston is at the top of its stroke
and increases the compression ratio. The heads of many of the pistons are {lat,
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Oil drain  Cooling fins
hole

Compression
ring grooves

<« Qil control
ring groove

= Oil scraper,
or wiper,
ring groove

Wrist pin boss

Figure 2-31. A half-sectioned view of a
typical aircraft engine piston

wrist pin. The hardened steel pin that
connects a piston to the small end of a
connecting rod.

cam-ground piston. A reciprocating
engine piston that is not round. but is
ground so that its diameter parallel to the
wrist pin is slightly smaller than its
diameter perpendicular to the pin.

The mass of metal used in the wrist pin
boss. the enlarged area around the wrist
pin hole. expands when heated, and when
the piston is at its operating temperature, i
is perfectly round.
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and if the piston comes near enough to the cylinder head that the valves could
possibly touch it, recesses may be cut in the piston head to provide the needed
clearance. Compression ratio may be increased by using domed pistons or
pistons whose heads are in the shape of a truncated (cut off) cone. It is
sometimes desirable to make the combustion space nearly spherical, and the
piston head can be cupped or dished out. Figure 2-32 shows some of the
typical piston head designs.

—

Recessed head

Figure 2-32. Shapes of aircraft piston heads

Aluminum )
piug

e

Wrist pin

Figure 2-33. Full-floating wrist pins have
aluminum plugs in their ends to prevent
scoring the cylinder walls.

push fit. A fit between pieces in a

mechanical assembly that is close enough

to require the parts to be pushed together.
A push fit is looser than a press fit. but

closer than a free fit.
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Domed head

Truncated cone head

Cupped head

Wrist Pins
The pin that attaches the piston to the small end of the connecting rod is called
a wrist pin, or piston pin.

Wrist pins are made of hardened and polished steel, and in most aircraft
engines, are free to move within both the connecting rod and the holes in the
piston-pin boss. When the pin is free to move in this ways, it is called a full-
floating pin. Some full-floating pins are prevented from scoring the cylinder
walls by spring steel rings that fit into grooves in the piston at each end of the
hole in which the pin rides. Most installations, however, protect the cylinder
walls by aluminum plugs that fit in the ends of the pin to prevent contact.

Most wrist pins are installed with a push fit into the holes in the wrist pin
boss. They are lubricated through holes in the boss by oil that is sprayed out
between the crankpin journal and the big-end bearing, and splashed up by the
rotating crankshaft.
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Piston Rings
The piston must fit into the cylinder loosely enough that the dimensional
changes which occur when the engine reaches its operating temperature will
not cause it to bind. At the same time it must form a pressure-tight seal with
the cylinder wall to prevent gases from leaking from the combustion chambei
into the crankcase. This seal is provided by the piston rings that fit into
grooves machined into the outer perimeter of the piston. The piston rings also
help transfer heat from the piston to the cylinder wall, and prevent too much
oil from getting into the combustion chamber.

There are three types of rings used on aircraft pistons: compression rings.
oil control rings, and oil wiper (scraper) rings. Almost all piston rings,

regardless of their function, are made of high-grade gray cast iron because of

its ability to remain resilient when extremely hot.

The seal between a piston ring and the cylinder wall requires there to be
enough wear between the ring and the wall to smooth the surfaces and allow
the rings to “seat.” Piston rings used in cylinders with plain steel or nitrided
walls can have their wear faces chrome-plated to increase hardness and wear
resistance. But piston rings used in chrome-plated cylinders must not be
plated, since chrome-plated rings in chrome-plated cylinders will not allow
enough wear for the rings to seat and produce the needed seal.

Compression Rings

Compression rings are fitted into the top two or thrce ring grooves in a
piston. These rings may have either wedge-shaped, beveled, or rectangular
Cross section.

The end gap in piston rings is critical for engine performance. In the past
some of the ring-gap joints have been step-cut or angled to enhance the sealing
ability, but most modern rings have straight-cut ends. See Figure 2-35.

Three things are critical about the fit and condition of a piston ring: its
end-gap clearance, its tension, and its side clearance.

The end-gap clearance is measured by placing the ring in the cylinder, and
squaring it up at a location specified in the overhaul manual, normally at the
cylinder flange. Measure the distance between the ends of the ring with a
feeler gage.

Piston ring tension, in pounds, is measured on the diameter of the ring
perpendicular to the gap and is the amount of force needed to close the gap to
a specified dimension.

The side clearance of a piston ring is the distance, measured with a feeler
gage, between the edge of a ring and the side of the ring groove.
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Figure 2-34. Typical piston ring
configuration
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Butt joint
Angled joint
Step-cut joint

Figure 2-35. Types of piston ring joints
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Drilled passage
for oil return to Expander
crankcase

||| B8 Two-piece
||| ESEES oil control ring

I
Piston

Figure 2-37. A two-piece oil control ring
with an expander behind it controls the
amount of oil allowed to remain between
the piston and the cylinder wall. Excess
oil drains back into the crankcase
through the holes in the bottom of the
ring groove.
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When the compression rings are installed on a piston, the joints must be
staggered around the perimeter of the piston. If they are not staggered, there
will be an excessive amount of blow-by, or flow of combustion gases from the
cylinder into the crankcase.

Straightedge
Feeler gage

Measure the space between the ring and

Hold the face of the ring flush with the ; :
the side of the groove with a feeler gage.

side of the piston. using a straightedge.

Figure 2-36. Measurement of piston ring side clearance

Oil Control Rings
The oil control ring is installed in the groove immediately below the
compression rings; this groove has holes that allow oil to flow from the ring
into the crankcase. The oil control ring regulates the amount of oil allowed to
remain between the piston and the cylinder wall. The excess oil is returned to
the crankcase through the holes drilled in the ring groove.

Oil control rings are often made in two parts, and some of them have
corrugated expanders installed in the groove behind them.

Oil Wiper or Scraper Rings

The ring that is installed at the bottom of the piston is called an oil wiper
or scraper. Its function is to assure that the proper amount of oil is on the
cylinder wall. Wiper rings normally have a beveled edge so that they act
as effective pumps, and it is extremely important that the bevel be installed
in the proper direction relative to the piston head. If the bevel is away from
the head, oil will be forced up toward the oil control ring, and if the bevel
is toward the piston head, oil will be pumped away from the piston. See
Figure 2-34 on the previous page.
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Connecting Rods
The connecting rod carries the forces produced by the pistons into the
crankshaft. These rods must be strong and stiff enough to resist bending
during the power stroke, and at the same time, they must be light enough
to reduce the inertia as the rod and piston stop, then change direction twice
in each stroke.

In horizontally opposed engines, the connecting rod is forged of high-
strength chrome-nickel-molybdenum steel with an I-shaped cross section.

Section A-A

Figure 2-38. Typical forged connecting rod for a horizontally opposed engine

The big end of the connecting rod is split, and both the body of the rod and the
cap have cylinder identification numbers stamped on them to prevent their
being mismatched during overhaul. Two-piece bearing inserts are installed in
the big end and are held in place by tangs on the inserts that fit into slots cut
into the cap and body. The tangs prevent the insert from spinning inside the
rod. Some connecting rods prevent the bearing insert spinning by a short
dowel pin pressed into the body of the rod that fits into a hole in the insert.

High-strength nuts and bolts hold the cap onto the rod body. The torque
applied to the nuts on these bolts is critical, because it must produce a tensile
stress in the bolt greater than the stress that will be applied by the hammering
action the rod receives in operation.

The small end of the connecting rod has a bronze bushing pressed into its
hole, and the bushing is reamed to the correct fit for the wrist pin.
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offset throw (crankshaft design). Crank

Arms on a reciprocating engine crankshaft.

The arms, or throws, to which the
connecting rods and pistons are attached

are offset from the center of the crankshaft

to move the pistons in and out of the
cylinder. The amount of the offset
determines the stroke of the engine.

Crankshaft

The crankshaft is the strongest and heaviest component in an aircraft recip-
rocating engine. [t is the component that transforms the reciprocating motion
of the pistons into a rotating motion.

Crankshafts for horizontally opposed engines are forged of chrome-
nickel-molybdenum steel with an offset throw and a bearing journal for each
connecting rod.

Connecting rod
journal (Typical)

s
N N
S R, ]
R
i

Propeller flange
bushing —>

Propeller flange __, o

;_ __ Sludge plug

Oil plug

Y

Propeller
control
oil inlet

Main bearing
journal (Typical)

Oil slinger

Figure 2-39. Crankshaft for a typical four-cylinder horizontally opposed engine

journal (bearing). A hardened and
polished surface on a rotating shaft that
rides in a plain bearing.
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The throws of a four-cylinder crankshaft are paired with the two end throws
together and 180° from the two center throws. There is a main bearing journal
at the propeller end, the center, and the accessory end of the shaft.

In the crankshaftillustrated in Figure 2-39, the centers of the main bearing
journals and crankpins are hollow. Oil picked up at the main bearings flows
through drilled passages in the crank throws to lubricate the connecting rod
big-end bearings.

Some engines have sludge plugs pressed into each of the hollow crank-
pins. Any sludge that is carried through the engine in the lubricating oil is
slung to the outside of the crankpin by centrifugal force, and is trapped and
held by the sludge plug until the engine is disassembled at overhaul.

Otto-cycle engines fire all the cylinders in two revolutions, or 720° of
crankshaft rotation. A six-cylinder horizontally opposed crankshaft has six
throws with three main bearings, one at the propeller end, one between each
pair of throws, and one at the accessory end.

The pairs of throws on the crankshaft in Figure 2-40 are 60° apart, which
allows two pistons to come to the top of their stroke every 120° of crankshaft
rotation. One piston is at the beginning of the power stroke and the other at
the beginning of its intake stroke.
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cheek (crankshaft). The oftset portion of
a crankshaft that connects the crankpin to
the main bearing journals.

Tapered shaft

————

==

Splined shaft

™

{

!

Flanged shaft

Figure 2-42. Methods of attaching
propellers to reciprocating engine
crankshafts

SAE (Society of Automotive Engineers).

A professional organization that has
formulated standards for the automotive
and aviation industries.
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Direction of
crankshaft rotation

Crank ihrows

Cylinders

| u) Cylinders
2-4-6-8

/ 1-3-5-7

Propeller
flange

Firingorder: 1-5-8-3-2-6-7-4

Figure 2-41. The four pairs of throws in an eight-cxlinder crankshaft allow one piston to
be in firing position each 90° of crankshaft rotation.

The main-bearing and connecting-rod-bearing journals are ground smooth
and are hardened by nitriding to form a wear-resistant surtace on which the
bearings ride. The radius between the journal and the crank cheeks is
extremely important, as the torsional stresses in the crankshaft are great
enough to break the shaftifits cross-sectional area were to change too rapidly.
The large radius prevents this abrupt change.

Propeller Attachment
There are three main methods for attaching propellers to crankshafts: the
shaft may be tapered, flanged, or splined.

Tapered shafts were commonly used by many of the small engines that
were fitted with wooden propellers. The propeller was mounted in a steel hub
that fit onto the shaft. A steel key fit into a slot in the crankshaft and the
propeller hub to prevent the hub from turning on the shaft.

Splined shafts were for many years used onall of the larger engines. These
shafts have a series of splines that mate with those in the propeller hub. A
master spline, which is much wider than the normal spiines, indexes or aligns
the propeller so it can be installed on the shaft in only one way. The propeller
hub is centered on the shaft between a single-piece bronze rear cone and a two-
piece steel front cone.

There are several sizes of splined propeller shafts identified by an SAE
(Society of Automotive Engineers) number. SAE 20 splines are used on
engines in the 200-horsepower range; SAE 30 splines are used in the 300- and
400-horsepower range; and SAE 40 are used in the 500- and 600-horsepower
range. SAE 50 in the 1,000-horsepower range and SAE 60 and 70 are used for
larger engines.
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Almost all current production horizontally opposed engines have flanged
propeller shafts. The propeller shaft is forged with a flat flange on its end, and
nuts for propeller attachment are pressed into holes in the flange. A large
dowel, or guide pin, in the flange indexes the propeller to the shaft. The
propeller is attached to the flange with special high-strength bolts.

Dynamic Dampers

Radial engine crankshafts have a single throw for each row of cylinders, and
they must have a large heavy counterweight for static balance. Horizontally
opposed engines, on the other hand, are built symmetrically and do not need
counterweights for static balance, but most of the larger ones use counter-
weights for dynamic balance, to absorb torsional vibrations.

Dynamic counterweights

Bushing

é Attachment blade
( ,

Figure 2-43. Dynamic counterweights are installed on the crankshafts of some of the
higher-powered horizontally opposed engines to absorb torsional vibration.

Dynamic counterweights are installed on blades that are forged as integral
parts of the crankshaft. They are retained by pins with diameters smaller than
the holes in the bushings through which they fit. The small pin in the large
hole allows the weight to rock back and forth in a pendulum fashion.

The power produced by a reciprocating engine is supplied by the pistons
in a series of pushes, or pulses, and when the frequency of these pulses is
the same as the resonant frequency of the crankshaft, serious torsional
vibration can occur. Dynamic counterweights change the resonant frequency
of the crankshaft.

By considering the pendulum in Figure 2-44, you can visualize the way
dynamic balances change the resonant frequency of the crankshaft to prevent
it from amplifying the pulses from the cylinders.

If the pulses of energy are applied to the freely suspended ball at its
resonant frequency, the ball will swing with a large amplitude for the amount
of energy in the pulses.

Reciprocating Engines THEORY & CONSTRUCTION

: 3 ' Force applied
in pulses

When pulses of energy at the resonant
frequency of the pendulum are applied,
pendulum swings with a large amplitude.

SN ; Force applied
& (LE in pulses

If the weight of the pendulum is divided with
the components having different lengths,
pulses with the same energy will cause
pendulum to swing with a smaller amplitude.

Main Pin (Typical for 4)

_beannlg Dynamic
ournal

: Q counterweight

(Typical for 2)

e N s
( O O rankpin
O] 0O

Attachment blade

Crankshaft

Dynamic counterweights on a crankshaft
act in such a way that they change the
resonant frequency of the crankshatft.

Figure 2-44. Dynamic counterweights
change the resonant frequency of the
crankshaft and decrease the effect of the
energy being supplied to the crankshaft in
ua series of pulses.
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|« Driven gear

Drive gear Crankshaft g

Figure 2-45. External spur gear-type
reduction gearing

|

Internal-tooth
driven gear

Propeller
shaft

Drive gear > Crankshaft 5
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Figure 2-46. Internal spur gear-type
reduction gearing

epicyclic reduction gears. A gear train in
which a series of small planetary gears
rotate around a central gear. More
commonly called a planetary gear train.
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If the weight is divided between different pendulum lengths, and the same
pulses of energy are applied, the balls will swing with considerably less
amplitude.

Centritugal force holds the weights away from the crankshaft to the extent
allowed by the small pins, and the weights absorb the pulses of energy from
the pistons as their large hole and small pin allow them to rock back and forth.

Propelier Reduction Gearing

An aircralt engine must turn at a high speed to develop its maximum power,
but propellers become inefficient when their tips approach the speed ot sound.
The propeller shafts on many of the higher-performance engines are geared
so they will turn slower than the crankshaft, which allows the engine to turn
fast enough to develop its required power without the propeller operating at
an inefficient speed. There are a number ol types of gear arrangement used
to reduce propeller speed.

External Spur-Type Reduction Gearing

Some of the smallerengines use a simple external spur gear arrangement, with
the small drive gear on the crankshaft meshing with a larger driven gear on
the propeller shaft. A strong crankcase is needed to support the propeller shaft
because of the stresses applied by the precessive forces of the propeller, which
acts as a giant gyroscope. Two characteristics of this arrangement are that
the propeller is offset from the crankshaft, and the direction of rotation of
the propeller is opposite to that of the crankshaft. The amount of reduction is
found by the formula:

Teeth on drive gear

Gear ratio = :
Teeth on driven gear

Internal Spur-Type Reduction Gearing

The problems inherent in the external spur-type reduction gearing are
minimized at the cost of a larger nose section on the engine by using an
internal-tooth gear on the propeller shaft. The propeller turns in the same
direction as the crankshaft, and the gear ratio is determined using the same
formula as for the external spur gear system.

Planetary (Epicyclic) Reduction Gearing

When more power must be transferred through the gears than can be handled
by simple spur gears, a planetary, or epicyclic, reduction gear system is
used. Three types of planetary gear arrangements commonly used in aircraft
reciprocating engines are: the bevel-gear system and two types of spur
planetary gear arrangements.
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Bevel Planetary Gears

Some engines have used a bevel planetary gear arrangement in which a fixed
bevel gear, oflen called the sun gear, is attached rigidly to the nose section of
the engine, and a larger bevel-type drive gear, called a ring gear, is part of the
crankshaft. A series of bevel-type pinions are mounted in a cage or carrier that
is part of the propeller shaft. The pinions mesh with both the fixed and drive
gears, and as they spin around the fixed gear, they rotate the propeller in the
same direction as the crankshaft. The number of teeth on the pinions does not
enter into the gear ratio. The gear ratio is found by the formula:

Teeth on drive gear + Teeth on fixed gear
Teeth on drive gear

Gear ratio =

Bevel planetary gears turn the propeller at a speed slower than the
crankshaft but in the same direction. The propeller shaftis directly in line with
the crankshaft, and this type of gearing requires the smallest nose section of
any type of planetary gearing.

Spur Planetary Gears
There are two types of spur planetary gear arrangements used to reduce the
speed of the propeller relative to that of the crankshaft. One system has the sun
gear attached rigidly to the nose section of the engine, and an internal-tooth
ring gear is driven by the crankshaft. A strong, forged pinion carrier is part of
the propeller shaft, and mounted on it are a series of spur-type pinions that
mesh with the teeth on both the sun and ring gears. When the crankshaft turns,
the pinions spin around the fixed sun gear and rotate the pinion carrier and the
propeller in the same direction, but at a reduced speed. See Figure 2-48 on
the next page. The gear ratio of a fixed-sun gear system is determined by
the formula:
Teeth on ring gear + Teeth on sun gear

Teeth on ring gear

Gear ratio =

When a greater speed reduction is needed than can be obtained by the
spur reduction gear system, a reverse planetary system similar to the one in
Figure 2-49 on the next page may be used. In this system, the sun gear is
driven by the crankshaft, and the internal-tooth ring gear is fixed in the nose
section of the engine. The pinions are mounted on the pinion carrier on the
propeller shaft and are driven around inside the ring gear by the sun gear. The
gear ratio is found by the formula:

Teeth on ring gear + Teeth on sun gear
Teeth on sun gear

Gear ratio =
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Figure 2-47. Bevel planetary
reduction gears
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quill shaft. A type of shaft used (o couple
parts of an engine that are subject to
torsional loads.

A quill shaft is a long. hardened steel
shatt with splines on each end. One end
splines into the drive shalt and the other
end splines into the device being driven.
Torsional vibrations are absorbed by the
quill shaft twisting

sand casting. A method of molding metal
parts in a mold made of sand.

|

———

{V) Propeller shaft -« Driven gear

Crankshaft
Internally splined with internally
drive gear boss splined end

Drive gear Quill shaft

Quill shaft

Figure 2-50. Torsional vibrations between
the propeller and the crankshaft are
absorbed in this spur-type reduction
gearing by the twisting of the quill shaft.
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Spur-type Internal-tooth :
pinion drive gear = a Ir:ilnxg;gear
(Typical) — (ring gear)

l«— Drive gear
(sun gear)

{

Q Propeller shaft Crankshaft

Crankshaft Y

i

Pinion =
carrier Pinion —«—— Spur-type
carrier pinion
' (Typical)

sun gear

Figure 2-49. Reverse spur planetary
reduction gears

Figure 2-48. Spur-type planetary
reduction gears

One series of horizontally opposed engines uses a quill shaft to absorb some
of the torsional vibrations that intensify when the propeller shaftis geared. See
Figure 2-50. Splines machined into the inside of the crankshaft drive a
hardened steel quill shaft. Splines on the opposite end of the quill shaft mesh
with splines cut into the inside of the hollow drive gear boss. Any torsional
vibration between the propeller and the crankshaftis absorbed by the twisting
of the quill shaft.

Crankcase

The crankcase is the component that serves as the foundation of the engine
and attaches the engine to the airframe. The cylinders mounton the crankcase,
and all of the rotating mechanism is housed and protected inside.

Horizontally opposed engine crankcases are cast of aluminum alloy.
Some are cast in a sand mold, and others use a permanent mold process that
results in thinner walls.

The case is made in two halves, split down the vertical center line. Webs,
cast in the two halves, support the bosses for the main and camshaft bearings.
The parting surfaces are machined smooth so the two halves will seal without
the use of any gaskets. Pads are machined for mounting the cylinders, and
holes are drilled for the through bolts that mount the cylinders and hold the
two halves together.
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Figure 2-51. Typical aircraft engine crankcase made of cast-aluminum alloy

Bearings
The crankshaft is supported in the crankcase by plain bearings. The main
bearing bosses are line-bored to assure that the bearing seats are all in perfect
alignment, and bearing inserts are fitted into each of the seats. The inserts have
a steel backing and use a lead alloy as the bearing material. The inserts are
prevented from turning in their seats by tangs on one end of the insert that fits
into slots in the bearing seat, or by dowel pins pressed into the bearing seats
that fit through a hole in the insert.

Camshafts of horizontally opposed engines normally ride in line-bored
holes through the webs in the crankcase and do not use any type of bearing
insert or bushing.

Reciprocating Engines THEORY & CONSTRUCTION

permanent-mold casting. A casting made

in a reusable metal mokd. The walls of
permanent-mold castings can be made
thinner than similar walls made by sand
casting.

Tang

Groove Bearing
for tang ihsent

St )

Bearing insert is locked in place with a tang
that fits into a groove in crankcase web.

@ Hole for dowel

@ Dowel m

Bearing insert is locked in place by a dowel
that is pressed into the crankcase web. The
dowel fits into hole in insert.

\

L=

Saddle-type thrust-bearing insert is locked
into place by a dowel, and has a thrust face
against which flanges on propeller shaft ride.

Thrust face

Figure 2-52. Bearing inserts of the type
normally used to support the crankshaft in
a horizontally opposed engine.
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Installation of oil seal
Figure 2-53. A spring-loaded flexible seal

is used around rotating shafts to prevent
the loss of oil.
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Crankcase Oil Seals

The crankcase of an aircraft engine receives the oil that has been forced
through the bearings and splashed onto the cylinder walls. The oil supply is
held in the wet sump which is attached to the bottom ol the crankcase. The
joints in the case are sealed, and all of the rotating shafts ride in spring-loaded
flexible seals to prevent the loss of oil.

The crankcase halves are sealed with a thin coating of a nonhardening
gasket compound applied to one of the surfaces with a fine silk thread
extending the full length of the case. This gasket compound and silk thread
make an efficient oil seal, and yet they do not have enough thickness to
interfere with the fit of the bearings.

The crankshaft and accessory drive shafts are sealed with spring-loaded
seals like the one in Figure 2-53. The seal rides on a hardened and polished
shaft, and the spring holds the flexible seal against the shaft to prevent oil
flowing past it.

Valve Operating Mechanism

Almost all of the horizontally opposed engines in modern aircraft use
pushrod-operated poppet valves with one intake and one exhaust valve in
each cylinder head. Figure 2-54 shows a simplified diagram of the way these
valves operate.

The camshaft is driven by gears from the crankshaft, and turns at one-half
crankshaft speed. When the valve lifter rides up on the lobe of the cam, it
pushes out on the pushrod. The rocker arm is mounted on the rocker arm
shaft on the cylinder head, and when the pushrod presses on one side of the
rocker arm, the other side pushes down on the valve stem and opens the valve.
When the camshaft turns and the valve lifter rides off of the cam lobe, the
valve springs close the valve and hold it closed until the cam lobe again opens
the valve.

Hydraulic
Pushrod valve lifter
« 3 D
Camshaft
{ O Rocker arm
w.ém 5
000 ey A
00000 iy
sy 4
000 oﬁ_‘ I $ i
0000 L
A ;
|
Valve Poppet
springs valve

Figure 2-54. The valve operating mechanism in a typical horizontally opposed engine

AVIATION MAINTENANCE TECHNICIAN SERIES POWERPLANT




Camshaft
The camshalt used on a horizontally opposed engine is a steel shaft with lobes
and bearing journals machined on it. The lobes and journals are ground and
polished and case hardened to increase their resistance to wear. The body of
the camshalt is not case hardened, so it remains tough and resilient. The drive
gear that meshes with a gear on the crankshaft is positioned by a dowel pin that
assures that the gear and the lobes on the shaft are in correct alignment.
The camshaft for a four-cylinder engine has six lobes, with two of the
lobes actuating valves in cylinders on opposite sides of the engine. The
camshaft for a six-cylinder engine has nine lobes, with three of the lobes
actuating valves in two cylinders. See Figure 2-55.

! !

Bearing Bearing Bearing Bearing

1 Lobes that actuate one valve
2 Lobes that actuate two valves

Figure 2-55. A camshafi for a typical six-cylinder horizontally opposed engine

Valve Lifters

Some of the smaller horizontally opposed engines and all radial engines use
solid valve lifters. These lifters require an adjustment on the rocker arm that
allows a specific clearance to be maintained in the valve operating train. The
majority of horizontally opposed engines use hydraulic valve lifters, and they
are discussed here. Solid lifters are discussed with radial engines.

Hydraulic Valve Lifters

A valve lifter body with a hardened and polished face rides on the lobe of the
camshaft to change the rotary motion of the shaftinto a linear motion. One end
of the pushrod fits into a socket that rides in the hollow valve lifter body. A
plunger fits in the lifter body under the pushrod socket, and hydraulically
maintains zero clearance in the valve operating train. Because of this action,
hydraulic valve lifters are called zero-lash valve lifters. Refer to Figure 2-56
to understand the way the hydraulic valve lifter operates.

When the valve lifter is off of the cam lobe, the plunger spring pushes the
plunger and pushrod socket up. This maintains zero clearance in the valve
train but does not put enough pressure on the pushrod to open the valve. Oil
from the engine Jubricating system flows into the lifter body and the plunger
through drilled passages from the oil gallery, or header, and into the body
reservoir through the check valve.
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Figure 2-56. A hydraulic valve lifter
maintains zero clearance in the valve

operating train.

zero-lash valve lifter. A hydraulic valve
lifter that maintains zero clearance in the

valve actuating mechanism.
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Top view

Drilled oil passage

Pushrod socket

Bushing

Side view

Figure 2-57. Typical rocker arms for a
horizontally opposed engine
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When the camshaft rotates and the valve lifter rides up on the cam lobe, the
check valve holds the oil trapped in the body reservoir where it acts as a solid
member of the valve train. The pushrod is pushed up against the rocker arm,
and it rotates to open the valve. The opposition of the valve springs against
the rocker urm and pushrod holds a force on the plunger.

The outside of the plunger is ground to fit precisely with the inside of the
body, and when the valve lifter is on the lobe of the cam with the valve springs
pushing back agamstit, some of the oil that was trapped in the body reservoir
leaks out past the plunger. Asthe camshaft continues to rotate, the lifter comes
off of the lobe and the plunger spring forces the plunger up. Oil from the
engine lubricating system flows through the check valve to refill the body
oil reservoir.

The action of the o1l leakage between the plunger and the body, and the
fact that the body reservoiris completely filled each time the lifter is off of the
cam lobe, allows the valve train to operate with no clearance between the
valve stem and the rocker arm.

Pushrods
Pushrods used inalmost all horizontally opposed aircraft engines are made
ol hollow steel or aluminum alloy tubes with hardened and polished spherical
steel inserts pressed into each end. The inserts are drilled so engine lubricating
oil can flow through the hollow pushrod to lubricate the valve mechanism in
the rocker boxes on the cylinder heads.

The pushrods are housed in thin-wall aluminum shrouds, and in some
engines the oil from the rocker boxes returns to the engine through these tubes.

Engines with hydraulic valve lifters maintain a zero clearance in the valve
train, and the pushrod must be the proper length to allow the correct clearance
between the valve stem and the rocker arm when the hydraulic unit is
completely flat, or empty.

Engines with solid valve lifters have an adjustment on the rocker arm that
allows you to adjust the clearance between the rocker arm and the valve stem.

Rocker Arms
The rocker arms used on horizontally opposed engines are made of forged
steel with bronze bushings, which ride on the rocker arm shaft. pressed into
them. The end in which the pushrod rides has a socket that fits the spherical
end of the pushrod. A hole is drilled from this socket to the bushing to allow
oil that flows through the hollow pushrod to lubricate the bushing.

The end of the rocker arm that rides on the valve stem and pushes the
valve open is ground in a smooth curve and polished.
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37.
38.

39.

41.

42.

43.
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swers are on Page 86. Page numbers refer to chapter text.

. The cylinder barrel of a modern reciprocating engine is made of or
steel. Page 54

. The part of a cylinder barrel that fits into the crankcase is called the
Page 54

The diameter at the top of a choke-ground cylinder is (greater or smaller)
than the diameter in the center. Page 54

The inside of a cylinder wall (should or should not) be perfectly smooth. Page 55
Two ways of hardening the walls of a cylinder barrel are by:
a.
b.
Page 56
Chrome-plated cylinders are identified by a band of paint around the cylinder

base or on some of the fins. Page 56

Chrome plating (does or does not) provide a perfectly smooth surface on
which the piston rings ride. Page 56

Nitrided cylinders are identified by a band of paint around the cylinder base or
on some of the fins. Page 56

Nitriding (does or does not) appreciably affect the dimensions of a part.
Page 56

Nitriding (is or is not) a rustproof finish. Page 56

The threaded joint between the cylinder head and barrel is made gastight by making the threads a/an

fit. Page 56

Spark plug holes in a cast-aluminum alloy cylinder head are protected from wear by the installation of
a/an insert. Page 57

44. The side of a cylinder head that has the most fins is the side that contains the
exhaust or intake) valve. Page 57 i
| ( ) g Continued
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i 45. The tips and faces ol some exhaust valves are protected from wear by welding i inserts made of

! - . Page 58

]

| 46. Some exhaust valves are partially filled with metallic __thatis used to help

& cool them. Page 58

47. Most intake valves are ground with a -degree angle between the valve luce and the valve
| head. Page 59

48. Most exhaust valves are ground with a -degree angle between the valve face and the valve
! head. Page 59

| 49. The proper fit between the valve stem and the guide is provided by the valve
* guide after it is installed in the cylinder head. Page 59

50. Perfect alignment between the valve seat and the valve guide is assured by grinding the seat, using a tool

E

; that is guided by a pilot riding in the . Page 59

1 51. Two or more springs are used on each poppet valve to prevent valve or

f . Page 61

| 52. The diameter of a cam-ground piston perpendicular to the wrist pin is (largest or

smallest) . Page 61

53. A wrist pin that is not clamped in either the connecting rod nor the piston is called a/an
wrist pin. Page 62

| 54. The piston rings nearest the piston head are the rings. Page 63

| 55. Three functions of a piston ring are:
| a.
b.
c

Page 63

| 56. A chrome-plated piston ring (should or should not) be installed in a chrome-
| plated cylinder. Page 63
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57. Three things that are critical about the fit and condition of a piston ring are:

a
b.
€

Page 63

58. The piston ring that determines the amount of oil that is allowed to remain between the piston and the
cylinder wall is the ring. Page 64

| 59. The piston ring that is installed at the bottom of the piston skirt is the or
ring. Page 64

60. If an oil scraper ring is installed in such a way that the bevel is on the side of the ring toward the piston
head, the ring will pump oil (toward or away from) the oil control ring. Page 64

' 61. The bearing inserts used in the big end of a connecting rod are prevented from spinning in the rod by

or . Page 65
62. The bearing in the small end of a connecting rod is a/an . Page 65
| 63. The throws on a crankshaft for a four-cylinder horizontally opposed cngine are degrees
apart. Page 66
64. The crankshaft for a four-cylinder horizontally opposed engine uses (how many) main

bearings. Page 66

65. Sludge in the lubricating oil flowing through a horizontally opposed engine is collected in the sludge plugs
that are installed in the hollow . Page 66

| 66. The pairs of throws on a crankshaft for a six-cylinder horizontally opposed engine are
degrees apart. Page 66

67. The crankshaft for a six-cylinder horizontally opposed engine uses (how many) main
bearings. Page 66

68. Three types of propeller shafts used on reciprocating engines are:

Page 68 Continued
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69.

70.

71.

72.

i)

74.

75

76.

7/

78.

The counterweights on the crankshaft of a horizontally opposed engine are used for

(static or dynamic) balance. Page 69

Dynamic counterweights are used to change the frequency of the crankshaft
assembly. Page 69

The propeller of a geared aircraft engine turns (faster or slower) than the
crankshaft. Page 70

An aircraft engine is geared to prevent the propeller tip exceeding the speed of
Page 70

The component that serves as the foundation of an aircraft engine and attaches the engine to the airframe
is the . Page 72

The crankcase for aircraft engines is cast from aluminum alloy and may be cast in either

or molds. Page 72
The crankshaft in a horizontally opposed engine is supported in (plain or ball)
bearings. Page 73
The holes in the crankcase in which the camshaft bearing surfaces ride (are or

are not) fitted with bronze bushings. Page 73

The camshaft in a horizontally opposed engine turns at the speed of the
crankshaft. Page 74

The purpose of a hydraulic valve lifter is to maintain an operating clearance of inch
in the valve train. Page 75

79. Another name for a hydraulic valve lifter is a/an valve lifter. Page 75
80. Pushrods for a horizontally opposed engine are made of hollow or
tubes. Page 76
81. The bearing used in most rocker arms is a/an . Page 76
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Radial Engine Construction

Radial engines were considered the standard configuration of aircraft engines
for several decades until they were replaced by turbine engines for high-
power applications, and horizontally opposed engines for low-powered
applications. The construction of radial engines is somewhat similar to that
of horizontally opposed engines, but there are some significant differences
which are discussed below.

Radial engines all have an odd number of cylinders in each row. Three,
five, or seven cylinders are common, with nine cylinders being the most that
is practical for one row. When more than nine cylinders are needed, two or
more rows of cylinders are used. The pistons in each row of cylinders are
connected to one throw of the crankshaft through a master rod and link rod
arrangement. The largest practical radial engine has 28 cylinders arranged in
four rows of seven cylinders each.

Cylinders

Radial engine cylinders are similar to those used on horizontally opposed
engines except for the skirts, or the portion that extends into the crankcase.
Oil that collects in the crankcase when the engine is not operating tries to fill
the lower cylinders. It leaks past the piston rings and into the combustion
chamber. If the engine is started with oil in this chamber, serious damage will
result. The skirts on radial engine cylinders are considerably longer than those
on horizontally opposed engines, to minimize the amount of oil that flows into
the lower cylinders.

Even though longer skirts are used, some oil still leaks into these
cylinders, and you should check for a hydraulic lock as a standard prestarting
procedure. Pull the propeller through by hand (or, in some installations, with
the starter) to rotate the crankshaft through at least two revolutions to be
sure there is no oil trapped in the cylinders. If oil is found, remove the most
accessible spark plugs from the lowest cylinders and drain the oil out before
attempting to start the engine.

Cooling was a serious problem for some of the larger radial engines, and the
area of the machined fins on the cylinder walls was not great enough to
dissipate all of the unwanted heat. These engines had densely finned alumi-
num alloy muffs, or sleeves, shrunk onto the outside of the cylinder barrel,
providing the area for conducting away the extra heat.
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Figure 2-58. A two-piece crankshaft of a
single-row radial engine. The forward
counterweight is fixed and the rear
counterweight is mounted on two pins so it
can rock back and forth and act as a
dynamic damper.

Master rod Link rod (8)

Center of
propeller
shaft

Circle traveled by
center of crankshaft throw
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assembly used on a nine-cylinder
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Crankcase

The crankcase for a radial engine is very small when compared with the
ones used by other types of engines. The cylinders bolt to the power section,
which is made of cast or forged aluminum, or in some of the larger engines,
forged steel. The propeller reduction gearing is housed in a cast-aluminum
alloy nose section bolted to the front of the power section, and most of the
accessories are mounted on a cast-aluminum alloy section bolted behind the
power section.

Crankshaft
The crankshaft of a single-row radial engine has a single throw, as shown in
Figure 2-58. Some crankshafts are made in a single piece of high-strength
forged steel, and use a two-piece master rod. Other crankshafts are made in
two pieces, and use a single-piece master rod. Heavy counterweights are
installed opposite the single throw for static balance; some counterweights
have large-diameter holes that ride on small-diameter pins so they can also act
as dynamic dampers. Almost all radial engines have splined crankshafts or
propeller shaft for attaching the propeller.

Crankshafts used in two-row radial engines have two throws 180° apart.
The cylinders in the front row are attached to one throw, and the cylinders in
the rear throw are connected to the other.

Connecting Rods
In order to attach nine cylinders to one throw of a crankshaft, a master rod and
link rods like those in Figure 2-59 are used. A plain bearing in the big end of
the master rod rides on the polished bearing journal on the throw of the
crankshaft. The small end of the master rod is attached to the piston in one
cylinder with a wrist pin.

In a nine-cylinder radial engine, the pistons in eight of the cylinders are
connected to the master rod with link, or articulating, rods. One end of these
rods attaches to the piston with a wrist pin and the other connects to the master
rod with a knuckle pin.
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Propeller Reduction Gearing

\mostall radial engines use a planetary gear system to reduce the crankshaft
rotation 1o a speed that is efficient for the propeller. Typical reduction gear
rahos are 3:2 and 16:9. Two types of planetary reduction gear systems are
uscd: the spur planetary and the bevel planetary, with the spur planetary
systems used for the larger reduction ratios. Both systems have a sun gear,
ring gear, and a spider with a series of planetary gears attached to it. In
both systems the propeller shaft is attached to the spider. Both systems drive
the propeller shaft in the same direction as the crankshaft. Planetary
pear systems are discussed with horizontally opposed engines, beginning
on Page 70.

Bearings

Radial engines use steel-backed plain bearings in the master rod and bronze
bushings pressed into both ends of the link rods. Ball bearings are installed on
cither end of the crankshaft, and the thrust bearing is a deep-groove ball
bearing that can take both radial and thrust loads.

Valve Operating Mechanisms
Radial engines have one intake and one exhaust valve in each cylinder head,
and these valves are closed by two or more coil springs and are opened by
rocker arms and pushrods, similar to those described in the section on
horizontally opposed engines. The basic difference in the valve operating
systems for the two types of engines is in the cam and cam followers.
Almost all radial engines have a cam ring or cam plate geared to the
crankshaft and turned at a reduced rate. This cam ring, shown in Figure 2-60,
has two cam tracks, one for the intake valves and one for the exhaust valves,
with lobes ground into them.

Radial engines use solid valve lifters rather than hydraulic lifters like those
used in horizontally opposed engines. Each valve lifter, or tappet, as it is
usually called, has a hardened steel roller that rides on the cam ring, and when
it rides up on a cam lobe, it pushes up on the pushrod and acts through the
rocker arm to open the valve. There must be an accurately maintained
clearance in the valve train. If the clearance is too great, the valves will open
late and close early, and the valve overlap and the efficiency of the engine will
decrease. If the valve clearance is too small, the valves will probably not seat
positively when the engine is cold during start and engine warm-up.

There are two clearances specified in the engine maintenance manuals:
hot clearance and cold clearance.
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Hot Valve Clearance

The rocker arms and valves are mounted in the cast-aluminum alloy cylinder
head, and are opened by a hollow steel pushrod actuated by the cam ring in
the crankcase. When the engine is hot, the cylinder head expands a large
amount and the rocker arm moves away from the crankcase. Since the
pushrod remains essentially the same length, the valve clearance when the
engine is hot is greater than when it is cold.

Cold Valve Clearance

The hot clearance determines the time and amount the valves open in normal
operation and is therefore the most important clearance, but because it is
essentially impossible to adjust the valves to this clearance when the engine
is operating, engineers have determined the correct adjustment for a cold
engine so that the clearance will be correct when the engine is hot.

The valve timing is checked to determine that the valves open when the
crankshaftis in the correct position by adjusting the valves in cylinder number
one to their hot, or running, clearance, and setting the cam in the proper
relationship to the crankshaft. Then all of the valve clearances are adjusted to
the correct cold clearance.

If the valves are adjusted to the hot (running) clearance when the cylinder
is cold, the clearance in the valve train will be too great when the engine is at
its normal operating temperature. The valves will open late and close early.
The cam will have to turn farther to open the valve, and the valve will close
before the cam has turned to the normal valve-closing position.

Valve Adjustment: Engines with Floating Cam Rings

Some large radial engines have floating cam rings. These cam rings ride over
ashelf-type bearing with a large amount of clearance between the bearing and
the ring. When the engine is running, the ring is centered over its bearing by
the forces exerted by the valve springs.

When checking the valve clearance on an engine equipped with a floating
cam, the bearing clearance must be eliminated by relieving the pressure on
the springs of two valves on the opposite side of the engine from the valves
being checked.

Depressing the valves removes the valve spring pressure from the cam,
allowing the cam ring to move tight against its bearing on the side where the
valves are being checked.

Supercharger

Practically all of the larger radial engines have geared centrifugal blowers that
compress the fuel-air mixture after it passes through the carburetor to increase
the power of the engine. Some of the smaller engines have a centrifugal
impeller driven at the crankshaft speed that does not compress the fuel-air
mixture, but helps distribute the mixture uniformly to all of the cylinders.
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STUDY QUESTIONS: RADIAL ENGINE CONSTRUCTION

Answers are on Page 86. Page numbers refer 10 chapter text.

82. When more cooling fin area is needed than can be provided by machining fins on the cylinder barrel,

a muff or sleeve made of can be shrunk on the outside of the barrel.
Page 81

83. The crankshaft of a single-row radial engine has (how many) throws. Page 82

84. The crankshaft of a 14-cylinder twin-row radial engine has (how many) throws.
Page 82

85. The bearing in the big end of a master rod is a (ball or plain) bearing. Page 83

86. The pin that connects an articulating rod to the master rod of a radial engine is called a/an
pin. Page 82

87. A planetary gear system (does or does not) reverse the direction of the propeller
shaft relative to the direction of the crankshaft. Page 83

88. The thrust bearing used in a radial engine is a (ball or plain) bearing. Page 83
89. Most radial engines (do or do not) use hydraulic valve lifters. Page 83
90. The valve clearance when a radial engine is hot is greater or smaller) than the

clearance when the engine is cold. Page 84
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Answers to Chapter 2 Study Questions

1. expand
2.volume
3. pressure
4.volume

5.a. intake
b. compression
c. ignition
d. power
e. exhaust
6. before, exhaust
7. after, compression
8. before, power
9. after, intake
10. before, compression
11. exhaust, intake
12.1s not
13.is
14.1s
15.1s not
16. decreased
17. the same as
18. compression
19. increases
20. detonation

21.a. RPM
b. BMEP

22.brake specific fuel
consumption

23. reliability

24 . time between overhauls (TBO)
25.in-line

26. rear

27.1-4-5-2-3-6

28.1-6-3-2-5-4

29. ethylene glycol

30. wet sump

86

31.a. turbocharged
b. fuel injected
c. opposed cylinders
d. 360 cubic-inch-piston
displacement

32. chrome-molybdenum,
chrome-nickel-molybdenum

33. skirt

34, smaller

35. should not

36. a. chrome plating
b. nitriding

37.orange

38. does not

39.blue

40. does not

41.1s not

42.interference

43, Heli-Coil

44. exhaust

45. stellite

46. sodium

47.30

48.45

49. reaming

50. valve guide

51. surge, float

52. largest

53. full-floating

54. compression

55.a. prevents leakage of gases
b. transfers heat into the

cylinder walls

c. prevents oil getting into the
combustion chamber

56. should not

57.a. end gap clearance
b. tension
c¢. side clearance

AVIATION MAINTENANCE TECHNICIAN SERIES

58. 0il control

59. wiper, scraper
60. away from
61.tangs, dowel pin
62. bronze bushing
63.180

64.3

65. crankpins

66.60

67.4

68. a. tapered
b. splined
c. flanged

69. dynamic
70. resonant
71.slower
72.sound

73. crankcase
74. sand, permanent
75.plain

76. are not
77.one half
78. zero

79. zero-lash

80. steel, aluminum alloy

81. bronze bushing
82. aluminum alloy
83.one

84.two

85. plain
86.knuckle

87. does not

88. ball

89. do not

90. greater
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| _UBRICATION SYSTEMS

Functions of the Lubrication System

The lubrication system of a reciprocating engine is one of its most important
and vital systems. An engine operated with insufficient lubrication will,
within minutes, drastically overheat and seize. Improper service of the
lubricating system can cause excessive wear of the moving parts.

The lubrication system has a number of very important functions. It
reduces friction between the moving parts of the engine and provides an
effective seal and cushion between moving parts. The oil absorbs heat from
the cylinder walls and pistons, and carries it outside the engine where the heat
is transferred to the outside air. The oil protects metal parts of the engine
against corrosion and picks up contaminants, carrying them into filters where
they remain trapped.

Reduces Friction

Even though metal surfaces may appear to be smooth, they are often proven
rough when examined under a microscope. Each surface has a series of peaks
and valleys, and when two surfaces rub together, the irregularities on one
surface lock with those on the other. It requires effort to move one surface over
the other. Without adequate lubrication, so much heat is generated that the
peaks in one part will weld to the peaks in the other, and continued movement
will tear chunks from the metal. These chunks, however small, act as an
abrasive causing further wear.

If the surfaces are covered with a lubricant, such as a film of oil, the oil
will fill all of the irregularities and hold the surfaces apart so they do not
contact each other. The only friction encountered when the parts are moved
is the internal friction of the oil.

The friction between the teeth of mating gears could cause a great deal of
friction and wear if the gears are not adequately lubricated. Some gears have
so much pressure between their teeth that special extreme-pressure (EP)
lubricants are used to prevent the film of lubricant from rupturing, which
would allow contact between the metals.

Reciprocating Engines LUBRICATION SYSTEMS
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Seals and Cushions
One of the characteristics of a lubricating oil is its viscosity or stickiness. A
viscous oil wets the surfaces where there is relative movement, and provides
a seal to prevent air escaping from between them. This type of seal is
important between a piston and the cylinder wall. Itis also crucial for forming
a seal between the gear teeth and the housing ol the lubricating oil pump.
The oil clings to the metal and cushions the impact when surfaces pound
together, as the rocker arms pound inside their bushings each time the
pushrods ride up on the cam lobes.

Removes Heat

Engine lubricating oil absorbs as much heat as possible from all lubricated
surfaces, but itabsorbs the most heat from the underside of the piston head and
from the cylinder walls.

Most pistons have fins on the underside of their head to increase the
surface contacted by the lubricating oil. Some of the oil that is pumped
through the hollow crankshaft sprays out between the crank-pin journal and
the connecting rod big-end bearing or through a squirt hole in the connecting
rod cap. This oil absorbs heat from the piston and cylinder wall, carrying it out
of the engine, and into the air that passes through the oil cooler.

Cleans Inside of Engine

Contaminants such as combustion deposits, sludge, dirt, carbon, and particles
of metal worn from the moving parts are picked up by the oil as it circulates
through the engine. Most oil used in aircraft reciprocating engines is an
ashless-dispersant, or AD oil that contains an additive that disperses the
contaminants and prevents clumping. The contaminants are suspended in the
oil until trapped in the oil filter, and are removed when the filter is replaced
during routine maintenance inspections.

Protects Against Corrosion
A coating of engine oil on all parts inside the engine prevents oxygen and
moisture from reaching the metal and protects it from rust and corrosion.
Nitrided crankshafts and cylinder walls are especially susceptible to corro-
sion and must be protected with a covering of oil.

When an engine is to remain out of service for an extended period of time,
the cylinder walls should be protected with a special preservative oil that
clings to the surface better than ordinary engine oil.
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Performs Hydraulic Action

The vast majority of horizontally opposed engines have hydraulic valve
lifters that keep all clearance out of the valve operating mechanism, and
almost all of the larger engines have hydraulically actuated constant-speed
propellers. The engine lubricating oil acts as the hydraulic fluid for the valve
lifters and propeller pitch-change mechanism.

'STUDY QUESTIONS: FUNCTIONS OF THE LUBRICATION SYSTEM

Answers are on Page 117. Page numbers refer to chapter text.

1. Six functions of the lubricating system in a reciprocating engine are:
a.

e e e

—r

Pages 89-91

2. When two surfaces are separated by a film of oil, the only friction between the parts is the
of the oil. Page 89

3. Most of the heat picked up by the oil in a reciprocating engine comes from the
and the . Page 90

4. The underside of a piston head is to increase the surface area from which
the oil can absorb heat. Page 90

5. The oil that absorbs heat from the cylinder walls is oil that has been sprayed from the crankshaft at the
. Page 90

6. Heat that is picked up from inside the engine is given up to the outside air that passes through the
. Page 90

7. When an engine is to remain out of service for an extended period of time, the cylinder walls should be
protected with a special . Page 90
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viscosity. The resistance of a fluid to flow.
Viscosity is the stiffness of the fluid. or its
internal friction.

Saybolt Seconds Universal viscosity. A
measurement of viscosity (resistance to
flow) of a lubricating oil.

The number of seconds needed for 60
to flow through a calibrated orifice is
measured and is called the Saybolt Seconds
Universal (SSU) viscosity of an oil.

The viscosity number used for commer-
cial aviation engine lubricating otl relates
closely to the SSU of the oil at 210°F-

viscosimeter. An instrument used to
measure the viscosity of a liquid. The time
required for a given volume of liquid at a
specified temperature to flow through a
calibrated orifice is used to indicate the
viscosity of the liquid.

kinematic viscosity. The ratio of the
absolute viscosity of a fluid to its density.
Kinematic viscosity is measured in

centistokes.
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Reciprocating Engine Lubricating Oils

There are four bases for lubricants used to reduce friction between moving
parts: animal, vegetable, mineral, and synthetic.

Animal lubricants are used for special applications. Neat’s-foot oil from
cattle hooves is used to preserve leather, and oil from the sperm whale is used
to lubricate watches and clocks. Animal oil is not suitable for use as an engine
lubricant because it becomes chemically unstable at high temperatures, but it
can be used in the manufacture of synthetic oils.

Castor oil is a vegetable-base lubricant that was used in rotary radial
engines in the World War I era. It has the disadvantage of oxidizing when
exposed to the air, and it forms a gummy residue inside the engine.

Mineral oils, which are obtained by the distillation of crude petroleum,
are the most widely used lubricants for aircraft engines because they have a
much greater chemical stability than either animal- or vegetable-based
lubricants.

Synthetic oils are made by synthesizing or changing the molecular
structure of animal, vegetable, or mineral oils.

Characteristics of Reciprocating Engine
Lubricating Oil

Aviation oils have different characteristics from automotive oils because of
the unique requirements of an aircraft engine. Some of the requirements that
determine the characteristics of which oil to use are:

* The operating load of the bearings and gears

» The rotational speed which determines the operating speed of
the bearings

» The operating temperatures

Viscosity
Viscosity is the internal, or fluid, friction of a liquid and the resistance of the
material to flow. The viscosity of engine lubricating oil has historically been
measured in terms of Saybolt Seconds Universal (SSU) viscosity. A specific
volume of oil is placed in a Saybolt Universal viscosimeter and heated to an
accurately controlled temperature of 210°F (99°C). The number of seconds
required for exactly 60 cubic centimeters of heated oil to flow through a
calibrated orifice in the viscosimeter is the SSU viscosity of the oil at that
temperature. A second measurement is made at 100°F (37.8°C), and the two
points are plotted on achart. The line between the points is extended to the 0°F
line to extrapolate a low-temperature point.

The current method of measuring the viscosity of a lubricating oil is to
measure its kinematic viscosity, or the ratio of the absolute viscosity of the oil
to its density. Kinematic viscosity is measured in centistokes.
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viscosity. The resistance of a fluid to flow.
Viscosity is the stiffness of the fluid, or its
internal friction.

Saybolt Seconds Universal viscosity. A
measurement of viscosity (resistance to
flow) of a lubricating oil.

The number of seconds needed for 60
milliliters of oil at a specified temperature
to flow through a calibrated orifice is
measured and is called the Saybolt Seconds
Universal (SSU) viscosity of an oil.

The viscosily number used tor commer-
cial aviation engine lubricating oil relates
closely to the SSU of the oil at 210°F-

viscosimeter. An instrument used to
measure the viscosity of a liquid. The time
reqguired for a given volume of liquid at a
specified temperature to flow through a
calibrated orifice is used to indicate the
viscosity ol the liquid.

kinematic viscosity. The ratio of the
absolute viscosity of a fluid to its density.
Kinematic viscosity is measured in
centistokes.
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Reciprocating Engine Lubricating Oils
There are four bases for lubricants used to reduce friction between moving
parts: animal, vegetable, mineral, and synthetic.

Animal lubricants are used for special applications. Neat’s-foot oil from
cattle hooves is used to preserve leather, and oil from the sperm whale is used
to lubricate watches and clocks. Animal oil is not suitable for use as an engine
lubricant because it becomes chemically unstable at high temperatures, but it
can be used in the manufacture of synthetic oils.

Castor oil is a vegetable-base lubricant that was used in rotary radial
engines in the World War I era. It has the disadvantage of oxidizing when
exposed to the air, and it forms a gummy residue inside the engine.

Mineral oils, which are obtained by the distillation of crude petroleum,
are the most widely used lubricants for aircraft engines because they have a
much greater chemical stability than either animal- or vegetable-based
lubricants.

Synthetic oils are made by synthesizing or changing the molecular
structure of animal, vegetable, or mineral oils.

Characteristics of Reciprocating Engine
Lubricating Oil

Aviation oils have different characteristics from automotive oils because of
the unique requirements of an aircraft engine. Some of the requirements that
determine the characteristics of which oil to use are:

» The operating load of the bearings and gears

* The rotational speed which determines the operating speed of
the bearings

e The operating temperatures

Viscosity
Viscosity is the internal, or fluid, friction of a liquid and the resistance of the
material to flow. The viscosity of engine lubricating oil has historically been
measured in terms of Saybolt Seconds Universal (SSU) viscosity. A specific
volume of oil is placed in a Saybolt Universal viscosimeter and heated to an
accurately controlled temperature of 210°F (99°C). The number of seconds
required for exactly 60 cubic centimeters of heated oil to flow through a
calibrated orifice in the viscosimeter is the SSU viscosity of the oil at that
temperature. A second measurement is made at 100°F (37.8°C), and the two
points are plotted on achart. The line between the points is extended to the 0°F
line to extrapolate a low-temperature point.

The current method of measuring the viscosity of a lubricating oil is to
measure its kinematic viscosity, or the ratio of the absolute viscosity of the oil
to its density. Kinematic viscosity is measured in centistokes.
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There is another test called cold-cranking simulation which is used to
determine the characteristics of an oil at low temperatures. Oils rated by this
test have a viscosity rating such as SAE (Society of Automotive Engineers)
20WS50. The letter W stands for Winter.

Temperature has a great effect on the viscosity of a lubricating oil, and the
commercial aviation rating is nominally the SSU viscosity as measured at
210°F. Two other rating systems are used for lubricating oil: the SAE rating,
and the military rating. Figure 3-3 compares the two ratings.

Oil used in reciprocating engines must have arelatively high viscosity for
the following reasons:

¢ Wide operating clearances due to the relatively large size of moving parts
and the large temperature changes associated with air-cooled engines

+ Different materials used and different rates of expansion of
various materials

* High operating temperatures and high bearing pressures

Anideal engine oil is one with a low viscosity that can easily circulate within
the engine; but it must have and maintain a strong enough film that will not
break down at high operating pressures and temperatures encountered within
the engine.

Viscosity Index

The viscosity index, or VI, of an oil is a measure of change in the oil’s viscosity
for a given change in temperature of the oil. The higher the viscosity index,
the less the viscosity changes as its temperature changes.

Gravity

The specific gravity of a lubricating oil is the ratio of the weight of a definite

volume of oil to an equal volume of pure water atits maximum density (at4°C).
The specific gravity of an engine lubricating oil is normally expressed in

terms of APl (American Petroleum Institute) gravity. The API gravity

number is found by using a chart that compares the specific gravity with the

API number.

Ignition Points
The flash point is the temperature of the oil when it gives off enough vapors
to ignite and flash, but not continue to burn, when a small flame is passed
above it.

The fire point is the temperature to which the oil must be heated for the
vapors to ignite and burn continuously when a small flame is passed above it.

Reciprocating Engines LUBRICATION SYSTEMS
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Figure 3-3. Comparison of lubricating oil
ratings

cold-cranking simulation. A method used
for specifying the characteristics of a
lubricating oil at low temperature. Oils
rated by this test have the letter W
(standing for Winter) in their designation.
For example, SAE 15W50.

viscosity index (VI). A measure of change
in viscosity of an oil as it changes
temperature. The higher the viscosity
index. the less the viscosity changes.
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claret red. A dark purplish pink to a dark
gray purplish red color

coke. The solid carbon residue left when

all volatile parts of a mineral oil have been
evaporated by heat.
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Low-Temperature Points

The cloud point is the temperature at which the wax in the oil first becomes
visible, and the pour point is the lowest temperature at which the oil will pour
without disturbance.

Color

The color of an oil is rated by comparing it with an American Society of
Testing Materials (ASTM) standard color chart. The colors range from 1.0,
which is pure white, to 8.0, which is darker than claret red.

Residue
The carbon-residue test measures the weight of carbon left in a test container
when a given weight of oil has evaporated at a high temperature under
carefully controlled conditions.

The ash test is an extension of the carbon-residue test, and is a measure
of the weight of residue left after all carbon has evaporated and burned.

Types of Reciprocating Engine Lubricating Oil
There are six types of oil that are or have been used in aircraft engines:
straight mineral, detergent, ashless-dispersant, multiviscosity, synthetic, and
semisynthetic.

Straight Mineral Oil

Straight mineral oil is obtained by fractional distillation of crude petroleum.
Two bases of crude oil produced in the United States are asphaltic and
paraffinic. Asphaltic- or naphthenic-base crude oil comes from California or
the Gulf of Mexico, and paraffinic-base crude oil comes from oil fields in and
around Pennsylvania.

Straight mineral oil was the standard oil for reciprocating engines for
many years, but it is not an ideal oil for modern engines because it oxidizes
when exposed to high temperatures. It also combines with partially burned
fuel, water, and lead compounds to form sludge that clogs the oil strainers and
scores, or scratches, the engine bearings.

When a turbocharged engine is improperly shut down by not allowing an
adequate cooling-down time, the turbocharger housing is so hot that the oil,
which is no longer circulating, forms carbon, or coke, in the bearings.

Straight mineral oil, meeting MIL-L-6082 and SAE J 1966 specifications,
is no longer used as the principal lubricating oil for aircraft reciprocating
engines, but most engine manufacturers recommend its use in new and freshly
overhauled engines for about the first 10 to 50 hours, or until 0il consumption
stabilizes. After this break-in period, an ashless-dispersant oil is used. There
are some notable exceptions to this procedure for some Lycoming engines and
engines with some of the newer cylinder wall treatments.
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Metallic-Ash Detergent Oil

Detergent oils have been used successfully in automotive engines for years,
but their use in aircraft engines has proven to be less than satisfactory. These
lubricants contain ash-forming additives to improve their antioxidation
characteristics, but leftover ash deposits can build up in the cylinders and
absorb enough heat to cause preignition.

These additives have a strong detergent action that loosens sludge and
carbon deposits which could then flow through the lubrication system and
clog oil passages and filters.

Detergent oils have, in the past, been approved for some aircraft engines
but they are no longer used.

Ashless-Dispersant (AD) Oil

The main lubricant used in aircraft reciprocating engines is an ashless-
dispersant or AD oil that meets MIL-L-22851 and SAE J 1899 specifications.
The additives in AD oil do not prevent the formation of carbon, and they do
not break loose any sludge or carbon deposits that have formed in the engine.
The dispersant additives cause the contaminants that the oil picks up to repel
each other so they do not form a screen-clogging sludge, but rather, remain
suspended in the oil until collected in the filters.

AD oils have such good lubricating properties that they are not recom-
mended for the break-in period in new engines, and should be used only after
the rings have seated and the oil consumption stabilizes. However, AD oil is
recommended for breaking in some cylinders with modern cylinder-wall
treatments. When installing any new or reconditioned cylinder, you must
follow in detail the procedures recommended by the engine manufacturer or
cylinder overhauler.

Multiviscosity Oil

The viscosity of a liquid is its resistance to flow. Water has a low viscosity,
and it flows readily, but a liquid such as honey has a high viscosity, because
it flows very slowly, especially when cold.

The viscosity index of an oil is a measure of the change in viscosity with
a change in temperature. An oil with a high VI changes viscosity very little
with changes in temperature, but one with a low VI changes viscosity
appreciably as its temperature changes.

Anadditive called a viscosity index improver (VIimprover) can be mixed
with a lubricating oil that will decrease its viscosity when cold and increase
it when hot.

Figure 3-4 shows how the viscosity of three different oils changes with
temperature. The lower curve shows that the viscosity of a typical SAE 20 oil
decreases as its temperature increases. The upper curve shows the same
characteristics of an SAE 50 oil. Although it is more viscous than the SAE 20
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detergent oil. A type of mmeral oil with
metallic-ash-forming additives that
protects the inside of an engince [ron
sludge and varnish buildup. Used in
automotive engines. it has proven

unsuitable for use in aircraft engines.

AD oil. Ashless-dispersant oil. A mineral
oil with nonmetallic dispersant additives
that hold the contaminants in suspension.
preventing them from clumping together
and forming sludge deposits inside the
engine.

viscosity index improver. An additive
used to produce a multiviscosity lubricat-
ing oil. The polymer additive expands as
temperature increases and contracts as
temperature decreases. VI improvers cause
viscosity to increase as oil heats and
decrease as it cools.
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extreme pressure (EP) lubricant. A
lubricant that reacts with iron to form iron
chlorides. sulfides. or phosphides on the
surface of a steel part. These compounds
reduce wear and damage to surfaces in
heavy rubbing contact. EP lubricants are

specially suited for lubricating gear trains.
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oil, its viscosity also decreases as it gets hot. The middle curve shows that the
viscosity of an SAE 20W50 oil remains relatively constant over the same
temperature range.

When SAE 20W50 oil is cold, it acts much like a cold SAE 20 oil, but
when it gets hot, it acts like a hot SAE 50 oil.

Synthetic Oil
Synthetic oil is made by synthesizing or changing the molecular structure of
certain animal, vegetable, or mineral bases to form a new type of oil base.
Synthetic oils have superior characteristics for high temperatures and are
used almost exclusively for turbine engines. They have two characteristics
that make them desirable for use in reciprocating engines: They have a
superior resistance to oxidation, which allows a longer period between
changes. and they have low internal friction. One problem with synthetic oils
is their tendency toward sludge buildup, especially in engines that are not
used frequently.

Synthetic oils are not universally approved for use in reciprocating
engines, but this is subject to change as further study and developments
are made.

Semisynthetic Oil

A combination of mineral oil and synthetic o1l with the proper additives has
proven to have the characteristics of a multiviscosity oil, and does not absorb
the lead salts that cause the sludge buildup in synthetic oils.

Extreme Pressure (EP) Lubricants
There are applications in aircraft engines and helicopter transmissions in
which the film strength of an ordinary lubricating oil is not strong enough to
withstand the high tooth pressures and high rubbing velocities encountered.
For these applications, an EP lubricant is required.

EP lubricants contain additives that form iron chlorides, sulfides, or
phosphides on the surface of a steel part. These surfaces give the lubricant an
extremely high-strength bond with the metal.
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Compatibility of Lubricating Oils

All mineral-base lubricating oils approved for use in aircraft reciprocating
engines are compatible with each other. When a straight mineral-base oil is
mixed with an AD oil, the AD characteristics decrease, but there are no
problems caused by the mixing.

The additives in oils designed for automotive engines are different from
those in aviation oils. Automotive oil should not be used in aircraft engines,
nor should automotive oil be mixed with aviation oil.

Turbine engines use synthetic-base oil that is formulated for the specific
requirements of turbine engines and approved under MIL-L-7808 specifica-
tions. These requirements are different from those in reciprocating engines,
and turbine engine oil should not be used in a reciprocating engine.

STUDY QUESTIONS: RECIPROCATING ENGINE LUBRICATING OILS

Answers are on Page 117. Page numbers refer to chapter text.

8. Four bases of lubricants used to reduce friction between moving parts are:
a.

b.
c!
d

Page 92

9. One of the problems with using animal-base lubricants in aircraft engines is that they become
at high temperatures. Page 92

10. Two bases for mineral oils used in aircraft engines are:

a.
b.

Page 94

11. Six types of oil that are or have been used in aircraft engines are:

e o o

"

Page 94

Continued
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| STUDY QUESTIONS: RECIPROCATING ENGIN

12. The type of oil recommended by most engine manufacturers for use during the initial break-in period is
oil. Page 94

13. Detergent oils (are or are not) one of the more popular lubricants for use in

modern aircraft engines. Page 95

14. The most popular lubricating oil for use in modern aircraft engines is a/an
oil. Page 95

15. The measure of the opposition of a liquid to flow is called its . Page 95

16. The measure of the relationship between the change in the viscosity of a liquid to a change in its
temperature is the of the liquid. Page 95

17. An oil with a high viscosity index changes its viscosity very (little or much) with
changes in temperature. Page 95

18. A multiviscosity oil is one that has a/an additive mixed with it. Page 95

19. Two advantages of a synthetic oil for use in reciprocating engines are:

a.
b.

Page 96

20. The type of lubricant needed when there is a high tooth pressure or a high rubbing velocity is a/an
lubricant. Page 96

21. It (is or is not) a recommended procedure to mix automotive oil with
aviation oil if they have the same SAE number. Page 97

22. 1t (is or is not) a recommended procedure to use turbine engine oil in a
reciprocating engine. Page 97

23. The number of seconds required for exactly 60 cubic centimeters of a heated oil to flow through a
calibrated orifice in a viscosimeter is the of the oil at that temperature.
Page 92

24. The SSU viscosity of a lubricating oil as measured at 210°F is used as the basis for the
(commercial aviation or SAE) rating of the oil. Page 93
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Page 93

26. An ideal engine lubricating oil is one with as
possible consistent with a high film strength. Page 93

27. The temperature at which an oil gives off enough vapors to ignite and
when a small flame is passed above it, is called the

25. SAE 40 engine oil has the same viscosity of commercial aviation grade il

(high or low) a viscosity as

flash, but not continue to burn
point of the oil. Page 93

point of the oil. Page 94

28. The temperature at which the wax in an oil first becomes visible is called the

Reciprocating Engine Lubrication Systems

The lubrication system is one of the most important systems in an aircraft
engine. If for any reason the proper amount of lubricating oil is unable toreach
the engine parts to lubricate and cool them, the engine life will be very short.
It is important to understand the lubricating systems so you can properly
service them and diagnose any malfunctions.

Types of Lubrication Systems

There are two ways the lubrication systems of reciprocating engines can be
classified: the location in which the oil supply is carried, and the method of
Jubrication within the engine itself.

Oil Supply Storage

The oil supply can be carried inside the engine itself in a wet-sump system,
orit can be carried in a separate tank outside the engine in a dry-sump system.
Both types of systems are used in modern aircraft. A comprehensive descrip-
tion can be found in the section on oil reservoirs beginning on Page 111.

Wet-Sump

The oil is carried in the crankcase of a wet-sump engine in the same way it is
carried in almost all automobile engines. The oil is picked up from the sump
by the oil pump, and is forced through the engine, as discussed in the internal
lubricating system. When it has served its lubricating functions, it drains back
into the sump and is picked up and recirculated through the engine.

Reciprocating Engines LUBRICATION SYSTEMS

sump. A low point in an aircraft engine in
which the oil collects and is stored or from
which it is pumped from the engine into an
external tank.

dry-sump engine. An engine that carries
its lubricating oil supply in a tank external
lo the engine.

wet-sump engine. An engine that carries
its ubricating oil supply in a reservoir that
is part of the engine itself.
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Dry-Sump

The crankcase of a radial engine is too small to carry the oil supply, and some
horizontally opposed engines are mounted in shallow nacelles where there is
not enough room for a deep oil sump. Airplanes designed for acrobatic flight
cannot use wet-sump engines.

Vent line

Temperature Filler cap
control
¢ Qil tank
Qil
cooler
i Drain valve

Pressure pump

X Scavenger pump

Crankcase |
breather Sump

Figure 3-5. A horizontally opposed engine using a dry-sump lubrication system

Oilis carried in an external oil tank that is higher than the oil inlet to the engine,
and it flows to the inlet of the oil pressure pump by gravity. The pump forces
oil through the engine where it lubricates and cools, and then drains down into
a small collection sump where it is picked up by the scavenger pump and
returned to the tank.

The scavenged oil is hot, and it normally contains some air so its volume
is greater than the cooler oil that is forced through the engine by the pressure
pump. The scavenger pump, therefore, must have a considerably larger
volume than the pressure pump.

An oil cooler with a temperature control is mounted in the line between
the scavenger pump and the oil tank. If the oil does not need cooling, it passes
around the core of the cooler, but if it is too hot, it is forced to flow through
the cooler core where it transfers its heat to the air flowing through the cooler.

The oil tank is vented to the engine crankcase, which is in turn, vented to
the outside air through the crankcase breather line. This method of venting
provides adequate ventilation of the tank, and prevents oil loss that could
occur if the tank were vented directly.

One very popular series of Continental horizontally opposed engines has a
semi-dry sump system. The oil drains into a kidney-shaped steel sump
attached to the bottom of the engine, which does not require a scavenger
pump. The oil is picked up by an oil pickup tube that extends down into
the sump.
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Engines installed m airplanes that are to be flown inverted use dry-sump
lubrication systems. The oil pickup tube in the reservoir is flexible and
weighted so it can pick up oil even when the airplane is inverted.

Internal Lubrication
All moving parts of an aircraft engine must receive the proper amount of oil
under the proper pressure to ensure lubrication to cushion any impact loads
that are present, and carry away heat released by the burning fuel-air mixture.
The crankshaft, camshaft, and propeller shaft bearings, as well as the
rocker arm bushings, are lubricated by pressure oil through drilled passages.
Oil sprayed out between the crankshaft and the big-end bearing of the connect-
ing rod lubricates the wrist pin in both the piston and the small end of the
connecting rod. Cylinder walls are lubricated by oil that is either sprayed from
the main bearings, or splashed by the rotation of internal parts such as the
crankshaft. Gear teeth in the accessory section are lubricated by oil that is
sprayed from the accessory shaft bearings and splashed around inside the
accessory case.

In the wet-sump lubrication system of a typical horizontally opposed engine,
such as the one in Figure 3-6, a spur-gear-type pump picks up the oil from
the reservoir, or sump (1).

From the discharge of the oil pressure pump (2), the oil flows through a
thermostatic oil cooler bypass valve (3). If the oil temperature is low enough,
the valve opens and the oil passes on to the pressure screen (4). But if the
temperature is too high, the bypass valve closes, and the oil is forced to flow
through the oil cooler (5) before going to the pressure screen.

From the pressure screen the oil goes to the oil pressure relief valve (6).
This is a spring-loaded valve that is forced off its seat when the oil pressure
exceeds a preset value and the oil that caused the excess pressure drains down
into the sump. Oil at the regulated pressure lubricates the drive for the vane-
type vacuum pump (7). Drilled passages are provided for lubricating the
vanes of a wet-type vacuum pump (8) if one is used. Oil flows from the relief
valve to the crankcase headers, or oil galleries (9).

The oil flows from the right header through drilled passages to lubricate
the three main crankshaft bearings (10), and from these bearings through
the hollow crankshaft to the crankpin bearings (11), and then sprays out
to lubricate the pistons, wrist pins, cam lobes, and cylinder walls. It then
drains back into the sump. The oil also flows under pressure to the camshaft
bearings (12).

Oil under pressure flows into the valve lifters, or tappets (13), on the right
bank of cylinders, and from the tappets it flows through the hollow pushrods
(14) into the rocker boxes, then through drilled holes in the rocker arms to
lubricate the rocker arm bushings. The oil sprays out from the rocker arm
bushings and lubricates the rocker arms, valve stems and springs, and then
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thermostatic valve. A temperature-

sensitive valve that controls the tempera
ture of oil in an aircraft engine. When the
oil is cold, the valve directs it through the
engine, but when it is hot. the valve shifts
and directs the oil through the oil cooler.
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drains back into the sump through oil drain tubes. Engines with the pushrods
below the cylinders use the pushrod shroud tubes for the oil return.

Oil from the right header also goes into the propeller governor (15) to
control the pitch of the propeller. From the governor. the oil is either directed
to the propeller or it drains back into the engine sump.

Oil from the left header flows through the tappets and pushrods into the
rocker boxes on the left bank of cylinders, and drains into the sump through
oil drain tubes.
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Figure 3-6. A typical internal lubrication system for a wet-sump four-cylinder horizontally opposed engine
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34.

STUDY QUESTIONS: RECIPROCATING ENGINE LUBRICATION SYSTEMS

Answers are on Page 117. Page numbers refer to chapter text.

20,

30.
gl

32.

85

36.
3L

38.

Two types of lubricating systems based on the oil supply storage are:
a.
b.

Page 99

The oil supply is carried inside the engine in a (wet or dry) -sump engine.
Page 99

The oil pump in a dry-sump engine that has the greater capacity is the
(pressure or scavenger) pump. Page 100

The oil cooler in a dry-sump engine installation is installed between the

(scavenger pump and the oil tank or oil tank and the pressure pump). Page 100

The oil tank in a dry-sump engine is vented to the outside air through the

Page 100

The crankcase of a reciprocating engine is vented to the outside air through a/an
line. Page 100

The wrist pins are lubricated by (pressure or spray) lubrication. Page 101

The desired oil pressure in an engine lubricating system is maintained by a pressure
(regulator or relief valve). Page 101

When the oil temperature is low, the thermostatic bypass valve is
(open or closed). Page 101

Oil used to lubricate rocker arms and valve stems is carried to the rocker boxes through hollow
. Page 101
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constant-displacement pump. A fluid
pump that moves a specilic volume of

luid cach time i rolates.

spur-gear pump. A form of constant-
displacement [uid pump that uses two
meshing spur-gears mounted in a close-
faitting housing.

IFlutd 1s moved by carrying it around the
housing between the teeth of the gears as
they rotate.

Pump outlet

Pump inlet

Figure 3-7. A spur-gear oil pump
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Lubrication System Components

We have seen the basic lubrication system for a typical aircraft reciprocating
engine, and in this section, we want to consider the various system components.

Pumps

An oil pump is not a pressure producer; it is a fluid mover. A constant-
displacement pump moves a given volume of oil each time it rotates, and if
there were no opposition to this flow, there would be no pressure. But the oil
does encounter opposition in the engine as it is forced between the bearings
and the crankshaft journals and other parts of the engine it lubricates. Oil
pumps have a high capacity, and when turned at a high speed, they can force
so much oil through the engine that the oil consumption can be excessive.
Because of this, some form of relief valve is needed to maintain the pressure
at the value specified by the engine manufacturer.

Reciprocating engines use constant-displacement oil pumps designed to
move a medium amount of fluid under medium pressure, and a form of gear
pump is best suited for this type of operation.

The two most commonly used types of pumps are the spur-gear pump and
the gerotor pump.

Spur-Gear Pump

A spur-gear oil pump, like the one in Figure 3-7, uses two external-tooth
gears of the same size that mesh and rotate inside a close-fitting housing.
One, driven by an accessory drive from the enginc, drives the other gear. The
inlet side of the pump is connected by a drilled passage or a pickup tube to the
oil sump.

When the engine is turning, the two gears rotate in the direction shown
in Figure 3-7. As they rotate, the teeth on the inlet side of the pump unmesh,
and the volume of the inlet cavity increases, which decreases the pressure at
that point.

Atmospheric pressure forces oil from the sump to fill the cavity in the
pump. As the gears rotate, the oil is trapped between the teeth and the housing
and carried around to the outlet side of the pump, where the teeth mesh and
the volume of the cavity becomes smaller. The oil in the outlet cavity is
forced out of the pump.

Gerotor Pump

A gerotor pump, like that in Figure 3-8, is a type of gear pump. A specially
shaped, four-tooth spur gear driven by an accessory drive shaft turns inside
of and drives a rotor that has an internal five-tooth gear. The rotor and drive
gear ride inside a close-fitting housing that has two kidney-shaped openings.
One opening is connected to the oil inlet from the sump, and the other is
connected to the oil passages in the engine.
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As the pump turns, the space between the tooth of the drive gear and the cavity
in the rotor becomes larger under the inlet opening and smaller under the
outlet opening. Oil is pulled into the pump as the space enlarges and is forced
out as the space decreases.

Pressure Relief Valve

Itis important that the oil pressure be maintained within the limits established
by the engine manufacturer. When the pressure is too low, not enough oil is
forced through the engine to properly lubricate and cool it. The oil tempera-
ture rises and the wear becomes excessive. Pressure higher than that recom-
mended by the engine manufacturer should be avoided because excessive
pressure can damage the oil cooler and burst the oil lines, and it can cause
excessive leakage at the oil seals.

A pressure relief valve, as shown in Figure 3-9, maintains a constant
pressure in the lubricating system as the engine speed changes. At all but
idling speeds, the pump moves more oil than is needed by the engine, and
restriction to the flow is great enough to raise the pressure to a value higher
than that specified by the engine manufacturer.

As soon as the pressure at the inlet to the relief valve creates a force greater
than the force of the spring, the valve moves off its seat, and enough oil returns
to the sump to maintain pressure in the oil system at the value specified by the
engine manufacturer.

One advantage of using a relief valve to maintain the oil pressure in an engine
is that the flow of oil through the engine increases as the clearances between
moving parts of the engine increase through normal wear. The output volume
of the pressure pump remains constant for any given RPM. As the engine parts
wear, more oil flows out through the bearings and other moving parts, and less
oil is returned to the sump through the relief valve.

Check valve To engine

Pressure relief valve

Bypass
vaive

From ——
reservoir

et P ]

N

Figure 3-9. A rypical oil pressure sysiem Strainer

for an aircraft reciprocating engine
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Pump body driven gear
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Figure 3-8. A gerotor oil pump

gerotor pump. A form of constant-
displacement pump that uses an external-
tooth drive gear that meshes with and
drives an internal-tooth gear that has one
more space for a tooth than there are teeth
on the drive gear. Both gears turn inside a
close-tolerance housing.
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Figure 3-9 shows two additional valves that are important to the operation of
the lubrication system: the bypass valve and the check valve inside the strainer.

If the strainer element should ever become clogged, the output of the
pump will produce enough pressure to offseat the bypass valve, and unfiltered
oil will flow through the system rather than depriving the system of all oil.

The oil reservoir used in dry-sump lubrication systems is higher than the
inlet of the pump, so the oil is forced into the pump by gravity. If the engine
is not operated for a long period of time, oil can seep past the gears and flood
the engine. To prevent this, strainers used with this type of system have a
check valve in them that prevents the oil flowing into the engine until the
engine starts. Then the pump forces enough oil into the strainer to create a
pressure that opens the check valve and allows oil to flow to the engine.

Some large reciprocating engines require a very high oil pressure to
supply oil to the bearings when the oil is cold, but this pressure must be
reduced when the oil warms up. These engines use compensated pressure
relief valves that have two springs holding the valve on its seat when the oil
is cold.

A thermostatic valve senses the oil temperature, and when the oil is
sufficiently warm, it opens a passage that allows the oil to act on a piston in
the relief valve that removes the force of one of the springs. For normal
operation, only one spring holds the pressure relief valve on its seat, and the
pressure drops to the normal operating range.

The initial setting of an oil-pressure relief valve for a newly overhauled
engine is made in the overhaul shop. If the pressure is not correct when the
engine is started, it can then be adjusted with the engine running.

Oil Filter Systems

One function of a lubricating system is to clean the inside of the engine. As
the oil flows through the engine, it picks up contaminants and carries them to
the filters where they are trapped until the filter is cleaned or replaced during
routine maintenance.

Oil filters trap solid contaminants, but there are acids and chemical
contaminants that cannot be trapped by any filter, and it is because of the
accumulation of these harmful substances that the oil should be periodically
drained and replaced with fresh oil.

There are two basic types of oil filter arrangements: full-flow and bypass.
The full-flow filter shown in Figure 3-10, is the more common type. It is
installed between the oil pump and the engine bearings. In this location, the
filter can remove any contaminants from the oil before it enters the bearings.
Federal Aviation Regulation Part 33 Airworthiness Standards for Air-
craft Engines requires that an aircraft engine oil strainer must be constructed
and installed so that oil will flow through the engine at its normal rate, even
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when the strainer or filter element is completely blocked. Some filters have
a spring-loaded bypass valve built into them, while others are designed to
collapse, allowing the oil to circulate through the engine without being
filtered. It is better to lubricate the engine with dirty oil than with no oil at all.

Bypass oil filters are installed in parallel with the bearings and filter only
a small percentage of oil each time it passes through the engine. The oil
flowing through the bearings is not filtered, but eventually, all of it is filtered
with a bypass system.
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Figure 3-10. A full-flow oil filter system

relief
valve

Figure 3-11. A bypass oil filter system

Oil Filter Elements

A number of types of filter elements are used in aircraft reciprocating engines.
Some elements can be cleaned and reused; others are used once and then
thrown away. The two most commonly used types of filter elements are edge
filters and depth filters.

Edge filters may be of either the spiral-wound or the Cuno type. A spiral-
wound filter is a long strip of metal with a wedge-shaped cross section wound
into a tight spiral. The thick edge of the strip forms the outside of the filter,
and the turns are separated by ridges formed across the strip. These ridges hold
the edges apart a uniform amount, enough to allow the oil to flow through
freely, but close enough to trap solid contaminants. Contaminants collect on
the outside of the filter element and are removed when the filter is cleaned
during routine maintenance inspections.

Reciprocating Engines LUBRICATION SYSTEMS

Filter element

Detail of filter element

Figure 3-12. A spiral-wound edge-type
oil filter element
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Cavity in accessory
section of engine __»

Wire mesh
screen; reusable
after inspection

Electrical connection
for oil temperature
sensor

Figure 3-13. A typical oil pressure screen
installed in the accessory section of a
reciprocating engine
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Cuno filters were popular on many of the large, high-powered reciprocating
engines. The filter element consists of a stack of disks made of thin sheet
metal. Each disk has a center hole into which a shaft fits, and spokes join the
area around the center hole with the rim. A large number of the thin disks are
stacked on the center shaft, and between each disk is an even thinner spacer
that is fixed rigidly to the filter housing. The thickness of the spacers deter-
mines the size of contaminants that are allowed to pass between the disks.

Engine oil flows into the filter housing on the outside of the stack of disks
and flows between the disks through openings caused by the spacers. Any
contaminants in the oil are trapped on the outside of and between the disks.
Periodically the stack of disks is rotated by a handle attached to the shaft,
and the contaminants are scraped away by the spacers. Contaminants
collect in the bottom of the filter housing and are removed during periodic
maintenance inspections.

Some engines that use Cuno oil filters have a small hydraulic motor built
into the filter housing that slowly and continuously rotates the stack of disks
to keep the contaminants scraped away.

Many engines use a screen like the one shown in Figures 3-9 and 3-13 to
remove contaminants from the oil system. These screens are made with a fine
wire mesh supported on a heavier wire screen.

Most modern engines use disposable depth-type filter cartridges that
either fit into a filter can mounted on the outside of the engine, or are of the
spin-on type similar to those used on automobile engines that screw into an
adapter on the engine crankcase.

The disposable filtering element is a pleated sheet of resin-impregnated
fibers that collects any contaminants from the oil that flows through it. The
pleating provides a large area for the filtering element, which makes it an
efficient type of filter.

After removing a disposable filter during a routine maintenance inspec-
tion, cut the element open, spread out the pleated paper element, and carefully
examine it for any traces of metal particles. Under good light, look at the
contaminants with a magnifying glass. Run a magnet down each fold to check
for any ferrous metal particles. Rinse the element in clean gasoline, and then
dilute the oil that remained in the filter can or housing with the gasoline and
pour that through a piece of clean cloth to see if it contains any contaminants
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Bypass valve

not trapped in the filter element. It is normal for there to be some nonferrous

metallic shavings in the filter on a new or freshly overhauled engine, but ’/

if there are any chunks of metal or pieces of ferrous metal, you must find @

their source. /
The metal can of the spin-on filters must be cut open with a special wheel-

type cutter, which does not leave any metal shavings that could be mistaken

for metal particles from the engine.

Oil Coolers

Oil coolers are used in a lubricating system because it is important that the oil
entering the engine be cool enough to remove the excessive heat, and to
maintain the oil temperature in the correct range.

An oil cooler is an oil-to-air heat exchanger. Figure 3-6 on Page 102
shows that the oil, after leaving the pressure pump, flows through an oil-
cooler bypass valve. If the oil is cool enough to pick up the heat as it passes
through the engine, it bypasses the cooler and goes directly to the oil pressure
screen and into the oil passages. If, however, it is too hot, the bypass valve
closes, and the oil must leave the engine and flow through the oil cooler before
it goes to the screen and the internal oil passages.

Some of the more powerful reciprocating engines with dry-sump lubrication Disposable
systems used a rather large oil cooler in the return line between the engine filter element
and the oil tank. Figure 3-15 on the next page shows such a cooler.

Reusable

This oil cooler has three noteworthy features: .
housing

e There is a built-in thermostatic flow control valve. When the oil is cool,
it flows around the cooler between the core and the outer shell.

* When the oil is hot, it flows through the core and transfers its heat to the

outside air. Hollow stud

* If the weather is very cold and the engine is started with the cooler full of
congealed oil, the surge-protection valve offseats and allows the oil to
bypass the entire cooler. CLITTr——, -

Disposable element in a reusable housing

e Nut
Spin-on filter

Element and housing are disposable

Figure 3-14. Typical disposable oil filters
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In Figure 3-15A, the oil is cool, and the thermostatic flow control valve has
contracted enough for the oil to flow around the core of the cooler and not be
cooled. After flowing past the thermostatic valve, the oil lifts the check valve
off of its seat and flows to the oil tank.

In Figure 3-15B, the oil is hot, and the thermostatic flow control valve has
expanded and shut off the return passage from the outer jacket. The oil must
now flow through the core of the cooler where it gives up its heat to the outside
air. After passing through the core, the oil lifts the check valve off of its seat
and flows to the tank.

In Figure 3-15C, the oil in the cooler has congealed, and the surge-
protection valve protects the cooler from rupturing due to pressure from the
scavenger pump. The high scavenger oil pressure pushes up on the surge
valve and opens a passage between the inlet and outlet of the cooler. The oil
flows directly to the tank until it is warm enough to liquefy the congealed oil
in the cooler, allowing normal function.

Check valve Check valve Surge protection valve

Thermostatic Thermostatic
flow control = L flow control
valve o . : valve

Cooler
jacket
A Qil is cool and the thermostatic flow control B Oilis hot and the thermostatic valve has C Oilin the cooler has congealed. Pressure
valve is contracted, allowing oil to flow around expanded, shutting off flow from jacket. of oil entering the cooler forces surge
core without further cooling. QOil is forced to flow through core where it protection valve up, opening the passage
is cooled. between cooler inlet and outlet. Poppet

valve closes, preventing oil flow into cooler.

Figure 3-15. An oil cooler for a large reciprocating engine with a dry-sump lubrication system.
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Oil Reservoirs
FAR Part 33, Airworthiness Standards: Aircraft Engines requires that the
lubrication system must function properly in all flight attitudes and atmo-
spheric conditions in which the aircraft is expected to operate. There must be
enough oil carried to provide proper lubrication under critical operating
conditions for the endurance of the airplane.

The two types of reservoirs used for the engine oil are wet-sumps and
dry-sumps.

Wet-Sump
Wet-sump engines use the crankcase or a separate sump attached to the
crankcase as a reservoir for the engine lubricating oil. Engines that carry oil
in this way must meet the requirements for proper lubrication with only one-
half of the maximum supply of oil in the engine.

The filler cap must be marked with the word “OIL.” The oil quantity is
normally measured on a wet-sump engine by a dipstick, which is often
attached to the oil filler cap.

Dry-Sump
Radial engines with their small crankcase and horizontally opposed engines
that fit into shallow nacelles use dry-sump lubrication systems. The oil is
carried in an external oil tank that is not physically attached to the engine.
FAR Part 23.1013 requires that oil tanks must have an expansion space
of not less than 10% of the tank capacity or one-half gallon, whichever is
greater. The tank must be vented to the engine crankcase from the top of the
expansion space so that the vent cannot be covered during any normal flight
conditions. Venting the oil tank to the engine prevents heating and expansion
of the oil, causing a buildup of air pressure inside the tank.

Oil flows from the oil tank to the inlet of the engine pressure pump by gravity,
and some engines can be flooded by oil seeping into the engine when it is not
operating. To prevent this, oil tanks used with these engines may be equipped
with spring-loaded check valves that prevent the oil flowing from the tank
when the engine is not running. As soon as the engine oil pressure pump
begins to move the oil, the valve opens and oil flows into the engine. See
Figure 3-9 on Page 105.

Some airplanes equipped for aerobatic flight, have engines with an oil system
that prevents loss of oil when the aircraft is inverted. These oil tanks have
special oil pickups that provide oil during any type of maneuver. The
crankcase and oil tank are vented to the breather lines through an oil separator.
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Oil filter neck

Vent r

.

=== - 8
Qil return r\\ 05

To engine

Oil;t,a;nk -

Drain valve

Figure 3-16. Hoppers are used in large
oil tanks to hasten the warm-up of the

engine oil.

Vent s

Standpipe

To propeller
feathering

pump

To engine
oil pump

i

: Olltank = - »

/ Reserve oil
for propeller

feathering

Figure 3-17. The oil tank for an engine
equipped with a Hydromatic feathering

propeller has a standpipe that prevents the

engine-driven oil pump from pumping all

of the oil overboard in the event of a major

oil leak.
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Most radial engines carry a large supply of engine oil, and in cold weather, it
is inefficient to have to warm up all the oil in the tank before takeoff. Oil tanks
used to hasten engine warm-up are equipped with hoppers. A hopper, seen in
Figure 3-16, is a sheet metal cylinder, open at both ends and with holes in its
side. It is installed inside the tank between the oil return line and the oil outlet.
Oil from the scavenger pump returns to the tank at the top of the hopper, and
oil leaves the tank from the bottom of the hopper, going to the pressure pump.

When the engine is started, the oil in the hopper circulates through the
engine and back to the tank. As this oil becomes warm, it warms the oil
surrounding the hopper, which then flows to the engine. The hopper decreases
the warm-up time appreciably by allowing a small amount of oil to flow
through the engine several times until the oil in the tank is uniformly heated.

For some aircraft that operate in extremely cold conditions, provisions
are made to dilute the engine oil with gasoline from the aircraft fuel tanks
before the engine is shut down at night. The diluted oil remains in the hopper
and is the firstoil used when the engine is started. As the engine runs, the warm
oil returns to the hopper and warms the surrounding oil, which becomes thin
enough to flow to the inlet of the pressure pump. As the engine warms up, the
gasoline evaporates, and the oil regains its normal viscosity.

Oil tanks used with engines equipped with Hamilton Standard Hydromatic
feathering propellers have two outlets. These propellers require a supply of
engine oil to feather the blades. The outlet that feeds the engine oil pump is
located on the side of the tank, or the tank is equipped with a standpipe so the
engine does not have access to all the oil in the tank. The outlet going to the
propeller feathering pump is at the bottom of the tank that has access to all of
the oil. Should the engine have a serious oil leak and lose all of the oil avail-
able to the engine oil pump, there will still be enough oil in the tank to feather
the propeller.
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Lubrication System Instrumentation

The lubrication system of an engine is so important that the FA A requires two
instruments to show the condition of this system: an oil pressure gage for each
engine that uses a pressure lubrication system, and an oil temperature gage for
each air-cooled engine.

Oil Pressure Measurement
Almost all oil pressure gages are of the Bourdon tube type described in
Chapter 16, beginning on Page 546.

There are two locations in an engine where the oil pressure may be
measured. Some engines measure it immediately downstream of the oil
pump, and others measure it at the end of the oil galleries, some distance
from pump.

The oil pressure indication is taken from a restricted fitting in the engine,
and the line to the instrument is normally filled with a lightweight oil or
kerosine. The restricted fitting helps dampen any pulses in the oil pressure
from the pump, and the lightweight oil prevents the instrument reading from
lagging behind the actual pressure changes that would occur if the line were
filled with the high-viscosity oil used in the engine.

Oil Temperature Measurement

The oil temperature is measured on almost all smaller single-engine aircraft
with a Bourdon tube pressure gage. The Bourdon tube is sealed as a unit with
a capillary tube and a temperature-sensing bulb filled with a volatile liquid.
The vapor pressure above the liquid varies with the oil temperature, and it is
measured with the Bourdon tube.

Larger aircraft and almost all multiengine aircraft use electrical tempera-
ture measuring instruments, usually of the resistance-change type, and they are
described in Chapter 16, beginning on Page 550.

The oil temperature indication is normally picked up before the oil enters
the actual engine itself. In many horizontally opposed engines, the oil
temperature bulb is in the oil pressure screen. Here it measures the tempera-
ture of the oil after it has passed through the oil cooler, but before it goes to
the oil pressure relief valve and bearings. On some engines with dry-sump
systems, the oil temperature is measured in the line between the oil tank and
the engine.

Reciprocating Engines LUBRICATION SYSTEMS

oil dilution. A method of wmpornty

lowering the viscosity of the lubricating oil

by diluting it with gasoline from the

aircraft fuel tanks. to make it possible to

start a reciprocating engine when the
temperature is very low.

standpipe. A pipe which protrudes upward
from the base of an oil tank and through
which oil used for normal engine lubrica-
tion is drawn. In the event of a catastrophic
leak when all oi} available to the engine-
driven pump is lost overboard. enough oil

is available from an outlet below the
standpipe to feather the propeller.

Chapter 3

113



; 89.

|
|

| 42.

[ 43.
i 44.

L 45.

| 46.

| 48.

!
! 40.
|

41.

47.

49.

v
-:ml.k Ak

Answers are on Page 117. Page numbers refer to chapter text.

The oil pump used in an aircraft reciprocating engine is a _(constant or
variable) -displacement pump. Page 104

Two types of oil pumps used in reciprocating engine lubrication systems are:

a.
b.

Page 104

In a spur-gear oil pump, the oil moves through the pump (between
or around) the gears. Page 104

A gerotor pump (is or is not) a type of gear pump. Page 104
g

A constant-displacement oil pump (does or does not) require a pressure
relief valve. Page 104

When the pressure produced by an oil pump is greater than that held by the pressure relief valve, the
excess oil is returned to the . Page 105

When the clearance between the bearings in a reciprocating engine increases due to wear, the oil flow
through the bearings increases. The output volume of the pump (does or
does not) increase to provide this greater flow. Page 105

A compensated oil pressure relief valve uses a thermostatic valve to (increase or
decrease) the oil pressure when the oil is cold. Page 106

The initial setting of an oil-pressure relief valve for a newly overhauled engine is made in the
(overhaul shop or test cell). Page 106

A surge-protection valve in a large-engine oil cooler protects the oil cooler from damage when the oil
is too (cold or hot). Page 109

The oil tank used with a dry-sump lubrication system is vented to the outside air through the engine
. Page 111

. The oil warm-up time for an engine having a large-volume oil tank is increased by having a/an

installed inside the tank. Page 112
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. When an aircraft is operated in extremely cold weather conditions, the oil may be diluted with

to make the engine easy to start. Page 112

When engine oil that has been diluted with gasoline warms up, the gasoline is removed by
.Page 112

Oil tanks for engines equipped with a Hydromatic feathering propeller have two outlets for the oil.
The outlet at the bottom of the tank goes to the (engine oil pump or propeller
feathering pump). Page 112

Two basic types of oil filter arrangement are:

a.
b.

Page 107

The more common type of oil filter arrangement used in aircraft reciprocating engines is the
filter. Page 106

The size of contaminants that can be trapped by a Cuno filter is determined by the thickness of the
(disks or spacers). Page 108

Most modern aircraft reciprocating engines use (cleanable or disposable) oil
filters. Page 108

Two instruments relating to the engine lubrication system required for an air-cooled aircraft engine are:

a.
b.

Page 113

Pulsations in the oil pressure gage indication are minimized by the use of a/an
in the oil line to the engine. Page 113

The oil pressure line between the engine and the oil pressure gage is filled with
or .Page 113

Most of the electrical oil temperature measuring instruments are of the
(resistance-change or thermocouple) type. Page 113

. The oil temperature shown on the instrument in the cockpit is the temperature of the oil as it

(enters or leaves) the engine. Page 113
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where it is diluted with an appropriate solvent and burned in an LlCClIlC arc.
The wavelength of light produced by the burning oil is analyzed by a
computer, and the number of parts per million of certain elements in the oil
is printed out. Normally the elements detected are iron, copper, chromium,
aluminum, nickel, tin, and silicon.

The oil sample should be taken in the manner specified by the lab, and
placed in a container furnished by the lab. The sample is normally obtained
when the oil is hot, and is taken from the oil stream during the drain, not from
the first oil that comes from the sump. Samples should be taken at regular oil-
change intervals and the results of all tests plotted in a graph.

The real value of an oil analysis is not in the amount of trace elements
themselves, but rather in the change in the amount of any particular element
over time.

An increase of iron could indicate wear of the piston rings or cylinder
walls. Anincrease of aluminum could indicate problems with the pistons, and
an increase in copper and tin points to bearing wear.

A SOAP does not by itself tell the entire story about engine condition;
but when it is used properly and consistently, and analyzed along with care-
ful inspection of the filter, consideration of the total time in service, and
results of compression checks, oil analysis is a valuable maintenance tool.
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11.

12.
13
14.
15x
16.

. reduces friction

. seals and cushions

. removes heat

. cleans inside of engine

. protects against corrosion
performs hydraulic action

-0 o0 o

. internal friction

. pistons, cylinder walls

. finned

. connecting rod bearings
. oil cooler

. preservative oil

. a. animal

b. vegetable
¢. mineral
d. synthetic

. chemically unstable

. paraffinic
. naphthenic

o &

. straight mineral oil

. metallic-ash detergent oil
. ashless-dispersant oil

. multiviscosity oil

. synthetic oil
semisynthetic

o o0 o

straight mineral
are not

ashless dispersant
viscosity

viscosity index
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18.
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20.
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22.
23.
24.
25.
26.
27.
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29
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32.

33
34.
85
36.
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38.
39.

little
viscosity index improver

a. superior resistance to
oxidation

b. low internal friction
extreme pressure

is not

is not

SSU viscosity
commercial aviation
80

low

flash

cloud

a. wet-sump system
b. dry-sump system

wet
scavenger

scavenger pump and the
oil tank

engine crankcase
breather

spray

relief valve

open

pushrods

constant
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a. spur-gear pump
b. gerotor pump

around

is

does

sump

does not
increase
overhaul shop
cold
crankcase
hopper
gasoline
evaporation
propeller feathering pump
a. full-flow

b. bypass
full-flow
spacers
disposable

a. oil pressure gage
b. oil temperature gage

restricted fitting
lightweight oil, kerosine
resistance-change

enters
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FUEL M ETERING &
INDUCTION SYSTEMS

Transformation of Energy

Aircraft reciprocating engines are a type of heat engine that changes the
chemical energy in gasoline and air into heat energy, and then changes this
heat energy into useful work to drive the pistons.

Gasoline is a liquid hydrocarbon compound obtained by fractional
distillation of crude oil. Its chemical formula is CgH 5, it nominally weighs six
pounds per gallon, and contains approximately 20,000 Btu of heat energy
per pound.

Heatenergy in the gasoline is released by a chemical reaction between the
hydrogen and carbon in the gasoline and the oxygen in the air. When the
proper amounts of gasoline and air are mixed and the temperature of the
mixture is raised to its kindling point, the carbon and some of the oxygen
combine to form carbon dioxide, and the hydrogen and the rest of the oxygen
combine to form water. This reaction takes place so rapidly that a great deal
of heat is released, and it is this hcat that performs useful work.

In the perfect combination of gasoline and air, two molecules of gasoline
(CsgH,g) and 25 molecules of oxygen (O,) combine to form 16 molecules of
carbon dioxide (CO,) and 18 molecules of water (H,O), plus a large amount

of heat.
GiHia J[CaHus + | 25 O, ) -> 16 CO» -+ +
i \/-J
Heat
2 CgHyq + 250, >  16C0, + 18H0 +  Heat

Figure 4-1. Gasoline and oxygen from the air combine to form carbon dioxide and water,
and in the process, release a large amount of heat.

Approximately fifteen pounds of air is needed to provide enough oxygen for
complete combination with one pound of gasoline. This mixture ratio is
expressed as an air-fuel ratio of 15:1, or a fuel-air ratio of 1:15 or 0.067. This
ratio, which provides the exact and correct number of oxygen molecules to
unite with all of hydrocarbon molecules in the gasoline, is called a stoichio-
metric mixture.

Reciprocating Engines FUEL METERING & INDUCTION SYSTEMS

fractional distillation. Procedure used for
separating various components from a
physical mixture of liquids.

Crude oil is 2 mixture of many different
types of hydrocarbon fuels which can be
separated by carefully raising its tempera-
ture. The first products to be released.
those having the lowest boiling points. are
some of the gaseous fuels: next are
gasoline, kerosine. diesel fuel. heavy fuel
oils, lubricating oils. and finally, tar and
asphalt.

air-fuel mixture ratio. The ratio of the
weight of the air to that of the fuel in the
mixture fed into the cylinders of an engine.

stoichiometric mixture. The fuel-air
mixture ratio that, when burned. leaves no
uncombined oxygen nor any free carbon. It
releases the maximum amount of heat, and
therefore produces the highest exhaust gas
temperature. A stoichiometric mixture of
gasoline and air contains 15 pounds of air
for 1 pound of gasoline.
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thermal efficiency. The ratio of the
amount of useful work produced by a heat
engine to the amount of work that could be

done by the fuel that was burned.

British thermal unit (Btu). The amount
of heat energy needed to raise the
temperature of one pound of pure water
from 60°F to 61°F.

brake horsepower (BHP). The horse-
power actually delivered by a reciprocat-
ing engine to its output shaft. BHP is
actually the useful horsepower.
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Gasoline will burn with a mixture asrich as 8:1 (0.125) to one as lean as 18:1
(0.056). When burned in a mixture richer than 15:1, there is not enough
oxygen in the mixture for the fuel to release all of its cnergy, and an excess
of carbon will appear as black smoke and soot. When the mixture is leaner
than 15:1, there is more oxygen than needed for the fucl, so the fuel cannot
release all of its energy.

Airis a compressible fluid which is a physical mixture of gases. [tis made
up of approximately 21% oxygen and 78% nitrogen, by weight, with traces
of other gases. The percentages of these gases remain relatively constant
throughout the atmosphere. but the pressure produced by each gas decreases
with altitude. This fact is very important in the operation of aircraft engines.
The power produced by an engine at sea level will decrease as the aircraft goes
up in altitude because the air density lessens, resulting in fewer pounds of
oxygen to combine with the gasoline.

Since the purpose of a reciprocating engine is to convert the maximum
amount of heat energy in the fuel into useful work, it would appear that the
engine should always be operated with an air-fuel mixture ratio of 15:1. This
is true in theory, but many variables prevent this from actually happening.
These variables are discussed next.

Thermal Efficiency

A reciprocating engine is an extremely inefficient machine, converting less
than one-third of the heat energy available in the fuel burned into useful work.
The thermal efficiency of an engine is the ratio of the amount of work actually
done, to the amount of work that could be done by the fuel that is burned.

Aviation gasoline has anominal weight of six pounds per gallon, and each
pound of fuel contains approximately 20,000 Btu of heat energy. Each Btu can
do 778 foot-pounds of work.

If an aircraft engine burns 9.25 gallons of gasoline per hour to produce
118 brake horsepower, it has a thermal efficiency of 27%.

Power in the fuel:

Gallons per hour - 6 = pounds per hour
9.25 - 6 = 55.5 pounds per hour

Pounds per hour + 60 = pounds per minute
55.5 + 60 = 0.925 pounds per minute

Pounds per minute - 20,000 = Btu per minute
0.925 - 20,000 = 18,500 Btu per minute

Btu per minute - 778 = foot-pounds per minute
18,500 - 778 = 14,393,000 foot-pounds per minute

Foot-pounds per minute + 33,000 = horsepower
14,393,000 + 33,000 = 436.15 horsepower
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The burned fuel contained enough energy to produce 436.15 horsepower, but
the engine only produced 118 brake horsepower. The thermal efficiency is
therefore 118 +436.15 = 0.27 or 27%.

Specific Fuel Consumption

The thermal efficiency of an engine is an important consideration, but the
specific fuel consumption, which is the number of pounds of fuel burned per
hour to produce each brake horsepower, is a clearer measure of engine
performance.

Figure 2-13 on Page 38 is a specific fuel consumption-horsepower curve
for an aircraft engine that shows the relationship between fuel consumption,
engine RPM, and the power the engine is producing.

Notice in Figure 2-13 that the BSFC is lowest at 2,300 RPM, which
produces 110 brake horsepower, or 61% of the engine’s rated power. For the
most economical cruise on the basis of BSFC, the pilot would choose an
engine speed of 2,300 RPM.

At speeds below 2,300 RPM, the engine is not turning fast enough to
produce its power efficiently. Above this speed, much of the power is used in
overcoming increased friction and air pumping losses, both of which lower
efficiency.

Mixture Ratio and Engine Power

A mixture of 15 pounds of air for every pound of gasoline burns with no ex-
cess oxygen, hydrogen, or carbon, and it would appear that the fuel metering
system should be adjusted to produce this mixture. But the design of the
induction system, the valve timing, and the amount of heat the engine can
tolerate, all enter into choosing the correct mixture ratio for the existing
conditions.

A carburetor is a very inefficient device for getting a uniform combust-
ible mixture into the cylinders. The correct amount of fuel is metered and
sprayed into the throat of the carburetor as droplets of liquid gasoline which
evaporate to become fuel vapor. There is approximately 9,000 times the
volume of air flowing into the engine as there is fuel, and the fuel vapor and
the air do not mix perfectly.

The carburetor is connected to the intake valve ports of various cylinders
by induction pipes, which vary in length and have several bends in them. The
air and fuel vapor flowing into the cylinders does not move in a steady stream,
but in a series of pulses caused by the low pressure each time an intake valve
opens. These pulses cause the velocity, and therefore the pressure, to vary
along the intake pipes. Ideally, the fuel vapor and air would be perfectly
mixed, and the pressure of the mixture would be maximum at the intake valve
in order to get the greatest amount of mixture into the cylinder. But the
pressure and amount of mixing change all along the induction system, and
they also change with engine speed. Some cylinders receive a rich mixture
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brake specific fuel consumption (BSFC).
A measure of the amount of fuel used for

given amount of power developed by a

heat engine. BSFC is expressed in pounds

of fuel burned per hour for each brake
horsepower the engine develops.
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detonation. Uncontroiled burning, or
explosion, of the fuel-air mixture inside
the cylinder of a reciprocating engine.
Detonation occurs when the pressure and

temperature inside the cylinder become
higher than the critical pressure and
temperature of the fuel.

The pressure rise inside the cylinder
caused by the fast-moving flame front can
heat and compress the unburned fuel-air
mixture enough for it to explode, or release
its energy almost immediately.

lean mixture. A fuel-air mixture that
containg more than 15 parts of air to 1 part
of fuel, by weight.

fuel-air mixture ratio. Ratio of the
number of pounds of fuel to the number of
pounds of air in the mixture burned in
cylinders of a reciprocating engine.
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and others receive a much leaner mixture. This uneven fuel-air mixture
distribution has been a serious problem with aircraft reciprocating engines
since the earliest days, but is minimized to some extent by fuel injection
systems.

An air-fuel mixture leaner than 15:1 has more air than is needed for the fuel,
so the mixture does not burn completely by the time the piston reaches the top
of the compression stroke. It is still burning as the piston moves down on the
power stroke, and even after the exhaust valve opens. This long period of
burning raises the temperature of the cylinder enough to cause severe damage
and detonation. Due to the danger of operating any cylinder with an overly
lean mixture, engines are normally operated with a mixture that is ineffi-
ciently rich.

One instrument that has made powerplant management much more precise
than was previously possible is the EGT, or Exhaust Gas Temperature,
indicator. A thermocouple probe in the exhaust pipe near the exhaust valve
measures the temperature of the gases as they leave the cylinder. The actual
temperature of these gases is not as important as the trend in the temperature
changes, with changes in the fuel-air mixture ratio. EGT indicators with
probes for all of the cylinders detect inconsistency in the fuel-air mixture
between the cylinders.

Figure 4-2 shows how the EGT increases as the mixture is leaned until the
stoichiometric mixture ratio of 15:1 (0.067) is reached. When the mixture is
richer than stoichiometric, there is not enough oxygen for the fuel, and the
EGT is low. As the mixture is leaned, the EGT rises to a peak, and as the
leaning continues, there is no longer enough fuel for the air and the tempera-
ture begins to drop off. The trend in the changes in EGT with the changes in
mixture ratio is always the same, but the actual temperature depends upon the
amount of fuel being burned.

Theoretically, the engine should produce the maximum amount of power
when the mixture ratio releases the maximum amount of heat, but in an actual
engine, this is not the case. The design of the induction system and the valve
timing require the fuel-air mixture to be slightly richer than stoichiometric to
produce maximum power. The fuel-air ratio that normally produces maxi-
mum power is about 0.083, or an air-fuel ratio of 12:1.

The amount of power an engine produces is determined by the number of
pounds of fuel and air the engine burns. The air has its greatest density at sea
level, and the volume of the air taken into the engine is at its maximum weight.
The volume of air flowing through the carburetor determines the amount of
gasoline it discharges. When an airplane goes up in altitude, the air becomes
less dense. For a given throttle setting, the volume of air flowing through the
carburetor remains constant, and therefore the amount of gasoline discharged
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Figure 4-2. Relationship between fuel-air mixture ratio, exhaust gas temperature, engine
economy, and engine power

into the engine remains the same. However, there are fewer pounds of air per
cubic foot, and the mixture therefore becomes richer. It is for this reason that
aircraft carburetors are equipped with a mixture control. As the mixture grows
richer, the pilot can decrease the amount of gasoline the carburetor dis-
charges, and the mixture ratio can be kept relatively constant.

Carburetor ice is an ever-present danger with a carbureted engine, and to
prevent it, warm air from around the exhaust system is directed into the
carburetor. This warm air is less dense than cold, and when carburetor heat is
used, the mixture becomes richer.

The maximum fuel economy is obtained by using a mixture that is approxi-

mately stoichiometric. Engine manufacturers normally allow the engine to be
operated at low power with a fuel-air mixture ratio that produces peak EGT.
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Figure 4-3. The dial of a typical exhaust
gas temperature indicator. The actual
temperature is not as important as the
trend in the temperature changes as the
mixture is changed.
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preignition. Ignition ot the fuel-air
mixture inside the cylinder of an engine
before the time for normal ignition.
Preignition is often caused by incandescent
objects inside the cylinder.

compression ratio. The ratio of the
volume of a reciprocating engine cylinder
with the piston at the bottom of its stroke,
to the volume of the cylinder with the
piston at the top of its stroke.

128

For greater power, the mixture can be leaned until the EGT peaks and then
enriched until the EGT drops a specified amount. T'his procedure is used to
prevent any cylinder operating at its peak EGT.

Modern engines are often equipped with multi-point EGT indicators that
measure the temperature of exhaust gases leaving each cylinder. These
instruments warn the pilot if any cylinder is operating at peak EGT.

Detonation and Preignition
The power produced by an aircraft engine can be increased by raising the
pressure of the fuel-air mixture before it is ignited. This can be done by either
compressing the air before it enters the cylinders with a supercharger, or by
increasing the compression ratio of the engine. The ultimate amount of power
an engine can develop is determined by detonation characteristics of the fuel.
When the fuel-air mixture is ignited in the cylinder, it does not explode,
but rather it burns in an orderly fashion. The flame progresses across the
piston head, heating and compressing the unburned fuel and air in front of it.
When the unburned fuel-air mixture is heated and compressed to its critical
pressure and temperature, it no longer burns, but rather explodes, releasing its
energy immediately. This explosion causes an instantaneous and tremendous
increase in cylinder pressure and temperature, and produces shock waves
inside the cylinder which can cause severe damage. This is detonation.
Detonation in an automobile engine is easily heard as the familiar pinging
or knocking. In an aircraft engine, it is not normally heard, but can be detected
by a loss of power, vibration, and a decrease in EGT. This is followed by an
increase in cylinder head temperature.

Preignition and detonation are often thought of as being the same; and
although definitely related, they are quite different. Preignition is the ignition
of fuel-air mixture inside the cylinder before the time of normal ignition.
Preignition is caused by local hot spots inside the cylinder. These can be
incandescent particles of carbon or red-hot edges of a valve. If the mixture is
ignited and begins to burn while the piston is moving upward too early on the
compression stroke, the air inside the cylinder heats and begins to expand,
opposing the movement of the piston and decreasing the engine’s power. The
long burning period of the fuel-air mixture releases more heat into the engine
than it can dissipate, and the cylinder head temperature increases. The
unburned fuel and air in the cylinder is heated and compressed to its critical
temperature and pressure. This causes it to explode or detonate. Detonation
acts like a hammer blow at a high temperature and it can actually burn a hole
in the piston head. Detonation can destroy an engine within a few seconds.
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'STUDY QUESTIONS: TRANSFORVATION OF ENEFGY

Answers begin on Page 191. Page numbers refer to chapter text.

1. The air-fuel ratio that provides the correct amount of oxygen to burn all of the fuel is :1. Page 123

2. A 15:1 air-fuel mixture ratio is the same as a fuel-air ratio of . Page 123

3. The two chemical compounds that are produced when aviation gasoline is burned are
and . Page 123

4. The air-fuel ratios that are considered to be the richest and leanest that will burn are

for rich mixture and for lean mixture. Page 124
5. Airisa (chemical compound or physical mixture). Page 124
6. Oxygen accounts for approximately % of the weight of the air we breathe. Page 124

7. If an engine burns 10 gallons of gasoline per hour to produce 120 brake horsepower, its thermal efficiency
is percent. Page 124

8. If an engine has a brake specific fuel consumption of 0.50 pound per horsepower per hour and produces

120 brake horsepower, it will burn gallons of gasoline per hour. Page 125
9. A fuel-air mixture ratio is a ratio of the (weight or volume) of the fuel to the air.
Page 125
10. As an aircraft goes up in altitude, the fuel-air mixture has a tendency to become (leaner

or richer). Page 126

11. When carburetor heat is used on an aircraft engine, the mixture becomes
(leaner or richer). Page 127

12. The explosion of fuel-air mixture inside the cylinder of an aircraft engine is called
. Page 128

13. The ignition of fuel-air mixture inside the cylinder before the normal time of ignition is called
. Page 128
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catalyst. A substance used to change the
speed, or rate, of a chemical action without
being chemically changed itself.
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Reciprocating Engine Fuels

Almost all spark-ignition reciprocating engines used in aircraft are fueled
with gasoline. Gasoline is a hydrocarbon fuel obtained from crude oil by the
process of fractional distillation. The crude oil, with suitable catalysts added,
is heated, and at specific temperatures, fractions of the oil boil off. These
fractions are condensed into such products as gasoline, kerosine, turbine
engine fuel, diesel fuel, and heating oil. Gasoline produced by fractional
distillation is called straight-run gasoline, and is the base of practically all
gasoline used in aviation engines.

Aviation Gasoline

Gasoline straight from the fractional distillation process is not suitable for
either automotive or aviation applications. It must be combined with certain
additives to make it suitable for its intended use.

The early airplane engines ran on just about any gasoline that was
available because optimum performance was not an issue. During World
War 1, it was discovered that aircraft engines could function normally on
some gasoline, but would seriously overheat, lose power, and fail structurally
when another gasoline was used. These problems were caused by detonation,
which at that time was a little understood phenomenon. Then someone
discovered that by adding about 20% benzene to the fuel, the problems
disappeared.

By 1919, research had proven that when a fuel-air mixture burned inside
a cylinder, some heat was absorbed by the unburned fuel. When the fuel
absorbed more heat than it could dissipate, the entire remaining mass of fuel
ignited spontaneously and exploded, creating shock waves and extremely
high pressure and temperature. Researchers had discovered the reason for
the engine failures. The solution was to find something that would prevent
the fuel-air mixture from exploding under intense heat and pressure.

In 1921, it was discovered that a very small amount of a poisonous
organic compound, tetraethyl lead (Pb(C,Hs),) added to the fuel, would
dramatically improve the antidetonation characteristics. For the half century
following the introduction of tetracthyl lead (TEL) to gasoline, it was a
standard and important additive used in both aviation and automotive en-
gines. Only in the last few decades has there been a concerted effort to
eliminate leaded fuels because of environmental considerations.

Gasoline devised specifically for aviation use has been of major importance
to the petroleum industry, but this is now changing. The use of aviation
gasoline peaked during World War Il when more than 30,000,000 gallons per
day were used. After the war, airlines expanded, and their high-power
reciprocating engines used large amounts of aviation gasoline.
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Beginning in the 1960s, turbine engines started to replace reciprocating — wesnerul asbathon & o
engines in military and airline aircraft, and the need for aviation gasoline e (il ebt ot mias
decreased tremendously. General aviation does not create enough demand to
make aviation gasoline an economical product for retailers.

the military s asiite

Gasoline Specifications

There are a number of specifications important to understanding reciprocat-
ing engine fuels. The following are some of the more important specifications
and how they apply to aviation gasoline.

Heat Energy Content

Aviation gasoline has a nominal heat energy content of 20,000 Btu per pound,
and a nominal weight of 6 pounds per gallon. Kerosine, which is a major
component of turbine engine fuel, has a nominal heat energy content of
18,500 Btu per pound, and a nominal weight of 6.7 pounds per gallon.

vapor pressure. The amount of pressure
needed above a liquid to prevent it from
evaporating.

Vapor Pressure Y

The vapor pressure of a liquid is the amount of pressure needed above the  Reid vapor pressure. The amount of
liquid to prevent the fuel from evaporating. Vapor pressure is determined by ~ pressure that must be exerted on a liguid (o
the temperature of the fuel and is rated according to its Reid vapor pressure ~ KeeP it from vaporizing. Reid vaper
(RVP), el e ok TUHFE pressure is measured at 100°F.

If a fuel has an RVP of 15 psi at 100°F, any time the atmospheric pressure sapRorouii. 8 oedilien ahtiliemEon
is 15 psi (approximately normal sea level pressure) or less, and the tempera-  that can occur in a reciprocating engine
ture of the fuel is 100°F, the fuel will vaporize. If the RVP is 5 psi, the  fuel system. If the fuel in the line between
atmospheric pressure must decrease to 5 psi, which is standard for an altitude ~ the tank and carburetor is heated enough
of approximately 26,000 feet, before the fuel will vaporize. {iprpihie3al S PiTieEr BB il siaen

Aviation gasoline is required to have an RVP of 7 psi or less. If the RVP ;)n e ]'.r{ & IR g —

ubble is high enough. it will block the fuel
is too high, the fuel vaporizes too easily; when the temperature of the fuelis 4 cep it from flowing to the engine.
high or the atmospheric pressure in the tank is low, vapors are released from
the fuel, and are likely to cause a vapor lock in the lines to the engine.

If the vapor pressure of the fuel is too low, the fuel will not vaporize when =~ octane rating. A sysiem used to rate the
discharged from the carburetor. The engine will be hard to start, and the fuel- ~ @ntidetonation characteristics of a

AR : : : g reciprocating engine fuel.
air distribution to the cylinders will not be uniform. R o e
Fuel with an octane rating of 80

. performs in a laboratory test engine the
Critical Pressure and Temperature same as fuel made of a mixture of 80%
It is important to rate a gasoline according to its ability to resist detonation, ~ iso-octane and 20% heptane.
and this resistance is determined by its critical pressure and temperature.

Antidetonation characteristics of a fuel are measured by the octane rating ,

: . ; (CH3)>CHCH,C(CH;); used as the high
or the performance number of the fuel. These ratings are discussed in more . - . . . .
ik g A= ; it . reference fuel for rating the antidetonation
detailinthe Generql textbook of thisAviation Mamtena{zce Techmczan Series.  paracteristies of aviation gasolirie.

The octane rating of a fuel is measured by comparing its performance in

a special laboratory test engine to that of a mixture of two hydrocarbon  heptane. An oreanic compound,

products, iso-octane and heptane. CH(CH-)sCH, that is used as the low
reference fuel for rating the antidetonation
characteristics of aviation gasoline.

iso-octane. An organic compound.

Reciprocating Engines FUEL METERING & INDUCTION SYSTEMS Chapter 4 1331



performance number. The rating of
antidetonation characteristics of a
reciprocating engine fuel that is better than
the high rating reference fuel, tso-octanc.

Performance numbers are greater than 100,

ethylene dibromide. A colorless poison
ous liquid BrCH,CH,Br that is biended
with leaded gasoline to help scavenge
lead oxides.

tricresyl phosphate (TCP). A colorless,
combustible compound. (CH;CH.0):PO,
that is used as a plasticizer in aircraft dope
and an additive in gasoline and lubricating
oil. TCP aids in scavenging lead deposits
left in the cylinders when leaded fuel is
burned.

aromatic compound. A chemical
compound such as toluene, xylene, and
benzene that is blended with gasoline to
improve its antidetonation characteristics.

benzene. A colorless, volatile, flammable,
aromatic hydrocarbon liquid which has the
chemical formula CqHg.

Benzene, which is sometimes called
benzoil. is used as a solvent, a cleaning
fluid, and a tuel for some special types of
reciprocating engines.

rich mixture. A fuel-air mixture that
contains less than 15 parts of air to | part
of fuel. by weight.
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[so-octane is a hydrocarbon compound with an exceptionally high critical
pressure and temperature that is used as a high-end reference for antidetona-
tion rating, and it has an octane rating of 100. Heptane, as the low reference,
has an octane rating of zero. If a fuel performs in the same way as a mixture
of 80% iso-octane and 20% heptane, it is given an octane rating of 80.

Fuels that perform better than 100% iso-octane are compared with iso-
octane that contains varying amounts of tetraethyl lead as the reference, and
are rated in performance numbers rather than octane ratings.

Gasoline Additives

The antidetonation characteristics of aviation gasoline are improved when
tetraethyl lead is added. But when fuel containing tetraethyl lead is burned,
lead oxides are left in the cylinder, and these collect in the firing end of the
spark plugs, and provide a conductive bridge for high voltage to leak across.
A lead-fouled spark plug will not ignite the fuel-air mixture.

Ethylene dibromide is often mixed with the gasoline. When it burns, its
residue combines with lead oxides and converts them into volatile lead
bromides. which leave the cylinder with the exhaust gases rather than fouling
the spark plugs. Tricresyl phosphate (TCP) may also be added to aviation
gasoline to eliminate lead fouling of spark plugs. It converts the lead deposits
into a nonconductive lead phosphate, which is easier to eliminate from the
cylinder than is lead bromide.

Aromatic compounds such as benzene, toluene, and xylene have been
added to aviation gasoline to increase its antidetonation characteristics.
However, these additives attack rubber products in the fuel system and must
only be used in systems specifically approved for them.

Gasoline Ratings

Aviation gasoline is rated by grade according to the amount of tetraethyl lead
it contains and is dyed to identify its grade. Shortly after the end of World War
II before turbine engines became so important, five grades of aviation
gasoline were available: red 80/87-octane, blue 91/98-octane, green 100/130-
performance, brown 108/135-performance, and purple 115/145-performance.

With the tremendous decrease in aviation gasoline requirements, the 108/
135 and 115/145 gasoline for large engines and the 91/98 for smaller engines
were discontinued. The TEL content for the 100/130 gasoline has been
decreased from 4.0 to 2.0 milliliters per gallon, and this low-lead fuel is now
called grade 100LL. Itis dyed blue to distinguish it from the higher-lead green
grade 100/130. The extremely small demand for grade 80 gasoline makes it
difficult to find, and engines that were designed to run on this fuel are being
switched to 100LL or automobile gasoline.

Old designations for aviation gasoline grades were dual number ratings.
The first number was the octane or performance rating of the fuel with a lean
mixture ratio, and the second number was the rating with a rich mixture as
would be used for takeoff.
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Figure 4-4 shows three grades of aviation gasoline currently available with
their color and lead content. Grades 80 and 100 are being phased out.

Grade | Old Rating Color | Maximum TEL
(Milliliters/gallon)

80 80/87 Red 0.5
100 100/130 Green | 4.0
100LL | 100 Low lead | Blue 2.0

Figure 4-4. Grade identification of aviation gasoline

Automobile Gasoline

For many years automobile gasoline was considered to be totally unsuited for
use in aircraft engines, but it was used illegally in a number of instances. The
FAA definitely disapproved the use of automobile gasoline, and the engine
manufacturers made it very clear that its use would void any engine warranty.

Most small engines were designed for grade 80 gasoline with its 0.5
milliliter per gallon of TEL. When grade 80 became unavailable, operators of
these engines found that the 2.0 ml/gal. of lead in 100LL gasoline was too
much, and there was a rash of serious problems with lead-fouled spark plugs
and sticking valves. Even the addition of extra TCP to help scavenge the lead
deposits did not completely solve the problem.

The shortage of available grade 80 fuel with its attendant high price
forced many airplane owners to either quit flying or switch to aless costly fuel,
and automobile gasoline was the logical choice. The Experimental Aircraft
Association (EAA) made an extensive and in-depth study of the use of
automobile gasoline, and as of the mid-1990s, the FAA has approved its use,
under certain controlled conditions, by the issuance of a Supplemental Type
Certificate (STC) for engines designed to operate on grade 80 gasoline.

Automobile gasoline is blended both for geographical regions and for the
time of year, and this creates major inconsistencies between batches. There
are five different vapor pressure ratings approved for gasolines used in
automobiles, all higher than the maximum vapor pressure approved for
aviation gasoline. Additives used in automobile gasoline are different from
those in aviation gasoline, and many are incompatible with aircraft fuel
system components. Gasoline containing methanol (wood alcohol) can
damage seals, gaskets, hoses, and bladder-type fuel tanks. Research is being
done with ethanol, or grain alcohol, which may prove to be an important fuel
in the future.

The sophistication of automobile electronic fuel injection systems has
caused gasoline producers to initiate tighter quality control over production
than they have in the past. More than 12 years of research into the use of
automobile gasoline in airplane engines designed for operation on grade 80
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methanol. Alcohol made from wood.

ethanol. Alcohol made from cereal grains

such as corn.

Chapter 4

133



134

aviation gasoline has shown that when used in compliance with an STC, the
use of automobile gasoline can be as safe as, and more economical than
operating on 100LL aviation gasoline.

Currently, the FAA, SAE, fuel companies, and engine manufacturers are
working together to produce an acceptable nonleaded fuel for aircraft usage.
Due to the small demand, and increasing environmental concerns regarding
lead, itis only amatter of time before all leaded fuel is removed from the market.

Importance of Proper Fuel Grade

When the FAA issues an Approved Type Certificate (ATC) for an aircraft
engine, the minimum allowable fuel grade is specified, and only this grade of
fuel may be used.

If fuel having an octane or performance rating lower than that specified
isused, there is areal probability that when the high power required for takeoff
is applied, the fuel will detonate and the engine and aircraft will be destroyed.

If the correct grade of fuel is not available, the rule of thumb has been that
a higher grade of fuel could be substituted. It is true that fuel with a higher
rating will not cause detonation, but the additional TEL used to give the fuel
its higher rating will foul the spark plugs and can cause valve sticking. Using
fuel with too low TEL content, even though the octane rating is high enough,
can also cause valve problems because there is not enough lead to adequately
lubricate the valve stems.

There have been a number of aircraft accidents attributed to the inadvertent
fueling of a reciprocating engine airplane with turbine engine fuel. This fuel
will cause severe detonation and can destroy an engine in a very short time.

If an aircraft has been serviced with turbine fuel and the mistake is
discovered before the engine is run, the fuel should be drained and all lines
flushed with gasoline and the tanks filled with the proper grade of fuel.

If the engine has already been run with turbine fuel, there is danger of
damage from detonation, and the following should be done:

* Drain the affected tanks, lines, and carburetors and flush the system with
gasoline.

¢ Drain the oil and examine all strainers and filters for evidence of
engine damage.

» Perform a compression check on all cylinders.

* Inspect the inside of all cylinders with a borescope for indication
of damage.

* Fill tanks with the proper grade of fuel.

» Conduct a complete engine run-up check.
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'STUDY QUESTIONS: RECIPROCATING ENGI}

Answers begin on Page 191. Page numbers refer to chapter rext.

14.

L5

1.

18.

19.

20.

21

22

23

24.

26.

27.

The major additive used to suppress detonation in aviation gasoline has been
Page 130
Aviation gasoline has a nominal heat energy content of Btu per pound.
Page 131
. Aviation gasoline has a nominal weight of pounds per gallon. Page 131

. Fuel with antidetonation characteristics that are better than those of iso-octane is rated with a/an

The amount of air pressure above the fuel in a tank that is needed to prevent the fuel from vaporizing is

called the of the fuel. Page 131
Vapor pressure specified for aviation gasoline is measured at a temperature of B Page 131
The maximum Reid vapor pressure allowed for aviation gasoline is psi at 100°F. Page 131

An engine will be hard to start if the fuel has a vapor pressure that is too
(high or low). Page 131

Fuel will tend to vaporize in the fuel lines and cause a vapor lock if the vapor pressure is too
(high or low). Page 131

Two ratings that are used to indicate the antidetonation characteristics of aviation gasoline are

and . Page 131
The hydrocarbon that is used as the high reference in octane rating is . Page 132
The hydrocarbon that is used as the low reference in octane rating is . Page 132

. Page 132

Two additives that may be used with aviation gasoline to minimize the problems caused by the lead
deposits from the tetraethyl lead are and . Page 132

Aromatic additives such as benzene are damaging to components in the fuel system that are made of
. Page 132

Continued
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28. Different grades of aviation gasoline are identified by their . Page 132

29. Grade 100LL gasoline is dyed

and it has a maximum lead content of

milliliters per gallon. Page 132

30. In the old dual number system for identifying grades of gasoline, the first number was the octane or
performance rating of the fuel when it was burned with a (lean or rich) mixture.

Page 132

31. Automobile gasoline can be legally used in some aircraft engines when the requirements for a/an
are followed. Page 133

32. If a reciprocating engine has been run on turbine engine fuel, the inside of the cylinders should be

inspected with a/an

. Page 134
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Reciprocating Engine Fuel Metering Systems

The basic purpose of a fuel metering system is to measure the amount of air
entering the engine and to meter into this air the correct amount of fuel for the
type of operation being conducted. The liquid gasoline must then be vapor-
ized, mixed with the air, and uniformly distributed to the various cylinders.

Reciprocating engine fuel metering systems have gone through a number
of steps in their evolution. In the original Wright engine of 1903, fuel was
dripped onto a hot portion of the water jacket surrounding the cylinders. The
fuel vaporized and was pulled into the cylinders through automatic intake
valves when the pistons moved downward on the intake strokes.

Float carburetors were devised that served as the standard fuel metering
system until the pressure injection carburetor of World War II was developed
to overcome some of their basic limitations.

Direct fuel injection systems similar to those used on a diesel engine were
used on some large engines during World War II, but their complexity
prevented widespread usage. The need for further development in direct fuel
injection systems disappeared with the advent of the turbine engine.

Uneven fuel-air mixture distribution has been a real problem with
carburetor-equipped engines, and the continuous-flow fuel injection system
has become popular for horizontally opposed aircraft engines.

Atthe time of this text, float carburetors and continuous-flow fuel injection
systems are the two most commonly used fuel metering systems installed on
FAA-certificated aircraft; but electronic fuel injection systems such as those
used in automobiles are likely to become the fuel metering system of choice
for the next generation of aircraft engines.
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Float Carburetors
Anaircraftreciprocating engine fuel metering system must perform a number
of functions vital to the operation of the engine. Some of these functions are:

» Measure the amount of air entering the engine.
» Meter into this air the correct amount of atomized liquid gasoline.

» Convert the liquid gasoline into gasoline vapors and distribute them
uniformly to all cylinders.

 Provide a constant fuel-air mixture ratio with changes in air density
and volume.

 Provide an overly rich mixture when the engine is operating at peak
power to remove some of the excessive heat.

* Provide a temporarily rich mixture when the engine is rapidly
accelerated.

 Provide for effective fuel metering when the engine is idling and the
airflow through the carburetor is not sufficient for normal metering.

A float carburetor accomplishes these functions with five systems: main
metering system, idling system, acceleration system, mixture control system,
and power-enrichment, or economizer, system. The examples used are the
Marvel-Schebler MA4-5 carburetor used on engines in the 200 horsepower
range, and the Bendix NAS-3 carburetor used on engines up to about 100
horsepower. The Marvel-Schebler carburetor has both a main and a boost
venturi, and the smaller Bendix carburetor has only a single main venturi.

Main Metering System
The main metering system measures the amount of air entering the engine and
meters into this air the correct amount of liquid gasoline. The liquid sprays out
into the air stream and is atomized or broken into tiny droplets that evaporate.
The venturi is the heart of the main metering system. Air flowing into the
engine must pass through the venturi, and as the passage in the throat of the
venturi becomes smaller, the air must speed up to get through. As it speeds up,
its pressure decreases. This is in accordance with Bernoulli’s principle, which
states that if energy is neither added to nor taken from a fluid in motion, any
increase in velocity will result in a corresponding decrease in pressure. The
carburetor in Figure 4-5 has a boost venturi whose exit is in the main venturi
at the point of lowest pressure. This increases the velocity of air flowing
through the boost venturi and produces a pressure in its center that is lower
than that in the main venturi.
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float carburetor. A tuci metenng device
that uses a float-actuated needle valve
maintain fuel level slightly below the cdyi
of the discharge nozzle.

venturi. A specially shaped restrictor in a
tube designed to speed up the flow of fluid
passing through it. According to
Bernoulli's principle. any time the flow of
{Tuid speeds up without losing or gaining
any cnergy from the outside. the pressure
of the fluid decreases.

Bernoulli’s principle. A physical
principle that explains the relationship
between kinetic and potential energy in a
stream of moving tluid. When energy is
neither added to nor taken from the fjuid.
any increase in its velocity (kinetic energy)
will result in a corresponding decrease in
its pressure (potential energy).
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A T venturi

Boost
venturi
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AIR FLOW

Figure 4-5. The low pressure at the
discharge nozzle caused by air flowing
through the restriction of the boost venturi
allows atmospheric pressure in the float
bowl 1o force fuel out into the air stream.
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Inlet fuel
screen

Needle
valve
and seat

Mixture control fuel outlet from float bowl

‘igure 4-6. A float actuated needle valve maintains the fuel level in the float bow! at
a constant level. 4

L« Throttle valve

Discharge
nozzle

Venturi

~ 7 Fuel
level

metering jet

Fuel T 1 I
inlet Needle valve and seat

AIR FLOW

Figure 4-7. The amount of fuel discharged into the air is determined by the difference
between air pressures in the float bowl and at the discharge nozzle. The fuel-air mixture
becomes richer as the air flowing into the engine increases.
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Liquid gasoline is fed into the carburetor float chamber from the aircraft fuel
tank either by gravity in a high-wing airplane, or by an electric or engine-
driven pump in a low-wing airplane. As the engine uses fuel, a float-operated
needle valve in the carburetor maintains the fuel at a constant level in the float
bowl. See Figure 4-6.

The carburetor in Figure 4-7 uses a single venturi and a discharge nozzle
that sprays fuel out at right angles to the airflow. The discharge nozzle is
located in the throat of the venturi at the point the air pressure is the lowest,
and the float bowl is vented to the inlet ram air. There is therefore a difference
in pressure between that in the float bowl and at the discharge nozzle. This
pressure difference meters fuel from the float bowl] to the discharge nozzle
proportional to the volume of air flowing into the engine.

Air Bleed

The simple metering system just described has a serious limitation. The fuel
mixed with air at the discharge nozzle increases as the air flowing into the
engine increases. But the fuel increases more than the air, so the mixture
becomes progressively richer as the airflow increases.

If the discharge nozzle were vented to the atmosphere with an unrestricted
air bleed, as in Figure 4-8, the low pressure would pull a large amount of air
into the discharge nozzle. As the airflow into the engine increases, the mixture
becomes progressively leaner.

Unrestricted
air bleed F

|

Float bowl =
I T -1
AIR FLOV
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- — Fuel level

ram air. Air whose press
increased by the forward m
aircraft. Ram air pressure is the same

pitot pressure.

air bleed (carburetor component).
small hole in the fuel passage between the
float bowl and the discharge nozzle of a
float carburetor. Air drawn into the liquid
fuel through the air bieed breaks the fuel
up into an emulsion. making it easy to
atomize and vaporize.

Figure 4-8. It is easier for the low
pressure at the discharge nozzle to pull air
through an unrestricted air bleed than it is
to pull fuel from the float bowl. The fuel-
air mixture becomes leaner as air flowing
into the engine increases.
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emulsion. A suspension of small globules
of one fluid in a second ftluid with which it
does not mix. Tiny bubbles of air in a
column of liquid gasoline form an
emulsion.

butterfly valve. A flat. disk-shaped valve
used to control the tlow of fluid in a round
pipe or tube. When the butterfly valve is
across the tube. the flow is shut off, and
when it is parallel with the tube, the
obstruction caused by the valve is
minimum, and the flow is at its greatest.

Butterfly-type throttle valves are used to
control the airflow through the fuel
metering system.
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By installing a restrictor, or jet, with the correct size orifice, just enough air
will be metered into the fuel to keep the fuel-air mixture ratio constant as the
amount of air flowing into the engine changes.

e Air bleed jet

O 2 O P (e g, - — — Fuel level
T ., 0
AIRFLOW

Figure 4-9. An air bleed jet, or orifice, of the correct size will meter just enough air into
the fuel at the discharge nozzle to keep the fuel-air mixture ratio constant as the amount of
air flowing into the engine changes.

An air bleed serves more functions than just maintaining a constant fuel-air
mixture ratio. The air introduced as bubbles into the fuel downstream of the
discharge nozzle decreases the density of the fuel and makes it easier for the
low pressure to pull fuel from the nozzle. The fuel-air emulsion provides a
large surface area for the fuel and makes it easy to vaporize.

Airflow Regulation
The amount of power produced by areciprocating engine is determined by the
quantity of air and fuel entering the cylinders.

Air flowing into the engine at conditions other than full throttle is
controlled by a circular butterfly-type valve actuated by the throttle control in
the cockpit. When the throttle is wide open, the butterfly valve is parallel with
the airflow, and it offers minimum restriction. When the throttle is closed, the
valve nearly shuts off the flow of air into the engine, but an adjustable stop
screw prevents it from completely blocking the airflow. The amount of air
flowing past the closed valve determines the idle speed of the engine.
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The size of the venturi limits the maximum amount of air that can flow into
the engine under wide-open throttle conditions. The same model of carburetor
can be used on engines of various sizes by changing the venturi, the main
metering jet, and the main air bleed jet.

Idling System
When the throttle is closed, there is not enough air flowing past the main
discharge nozzle to produce a pressure low enough to pull fuel from the float
bowl through the main metering jet, so a separate metering system must be
used for idling.

When the engine is idling, all air that flows into the cylinders must pass
around the edge of the butterfly valve.

Closed throttle valve

Throttle valve shaft

Idle discharge holes

Idle mixture adjustment _,

Idle emulsion tube 5 ] A\ Air bleed
| air filter
Main venturi i
e ttetyl
4
!/ =
Idle metering tube A "
Idle air bleed holes Boost
venturi
Idle metering jet
Main metering jet
|
AIR FLOW

Figure 4-11. Idling system of a typical float carburetor

Airflow around the throttle butterfly valve is restricted, causing it to travel at
a high velocity past the edge of the valve. This high velocity results in a Jow
pressure.

There is a series of idle discharge holes in the throttle body located where
pressure is the lowest when the throttle valve is closed. In the largest of these
holes is an idle mixture adjustment needle valve. When this valve is screwed
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Wide-open
throttle valve:

AIR FLOW

When throttle is wide open, the maximum
amount of air that can flow into the engine
is determined by the size of the venturi.

Closed
throttle valve

AIR FLOW

When throttle is closed, the space between
buiterfly valve and wall of throttle body
determines the amount of air that can flow
into the engine.

Figure 4-10. Airflow regulation
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annulus. A ring or groove around the
outside of a circular body or shaft, or
around the inside of a cylindrical hole
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in, flow from the largest hole is shut off, and as it is screwed out, an increasing
amount of fuel discharges into the air stream.

A drilled passage, the idle emulsion tube, connects the idle discharge
holes to an annulus, or ring, just above the main metering jet thatis filled with
fuel from the float bowl. In this passage there is a perforated idle metering tube
and its end contains the idle metering jet. This tube screws into an enlarged
hole in the carburetor body that is connected to the space behind the venturi
which receives filtered ram air from the carburetor inlet.

When the throttle is closed, low pressure at the edge of the butterfly valve
pulls fuel up through the idle metering jet. At the same time, it pulls air from
behind the venturi through the air bleed holes in the idle metering tube. The
air and fuel form an emulsion that is pulled up to the idle discharge holes and
discharged into the air going into the cylinders.

Setting the idling conditions of an engine calls for two adjustments: the closed
position of the throttle valve adjusts the idle speed, or RPM, and the amount
of fuel-air mixture discharged determines how smoothly the engine idles.
Figure 4-12 shows the controls for a typical float carburetor.

With the engine warmed up and all systems operating properly, hold the
throttle in a position that produces the desired idle RPM, and adjust the idle
mixture needle valve until the engine idles smoothly at this chosen speed.
When the idle mixture is properly set, screw the idle RPM adjustment screw
in until it contacts the idle stop on the throttle arm. Advance the throttle until
the engine runs in its cruise RPM range to clear the spark plugs of any fouling
caused by the idling, and then pull the throttle back. If the controls have been
properly adjusted, the engine should return to a smooth idle at the speed for
which it was adjusted.

Acceleration System

Both the idle system and the main metering system require a specific amount
of airflow for their proper operation. When advancing the throttle from its
idling position to the cruise position, there is arange in which the throttle valve
is open too much for the idling system to function, and not enough for the main
metering system to operate. This so-called flat spot will cause the engine to
hesitate when the throttle is opened, but this hesitation can be eliminated by
using an acceleration system.

The simplest acceleration system is an enlarged annulus, or groove,
around the main discharge nozzle as is seen in Figure 4-13.

When the engine is idling, all fuel entering the cylinders is metered
through the idle system and the acceleration well fills with fuel. When the
throttle is suddenly opened, all fuel in the well is pulled out through the main
discharge nozzle and the engine receives a momentarily rich mixture that
causes acceleration. As soon as the speed builds up, air flows in through the
main air bleed and the fuel metering returns to normal.
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il Figure 4-12. Controls for
adjusting the idle RPM and
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carburetor.
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Figure 4-13. The acceleration well fills with fuel when the engine is idling and discharges
fuel through the main discharge nozzle when the throttle is first opened. This provides the
momentarily rich mixture needed to rransition between the idling system and the main

metering system.
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Acceleration wells are used in carburetors generally mounted on engines of
less than about 200 cubic inch displacement. Larger engines require a positive
discharge of fuel to enrich the mixture during the transition from the idling
system to the main metering system.

Figure 4-14 shows a typical piston-type acceleration pump. When the
engine is idling, the throttle is closed, the pump plunger is at the top of its
stroke, and the pump chamber is full of fuel that was pulled in from the float
bowl through the pump inlet check valve. When the throttle is opened, the
piston is forced down. The pump inlet check valve closes, and the fuel is
pumped out through the pump discharge check valve and is sprayed into the
air flowing into the engine through the venturi.

The pump piston is mounted on a spring-loaded telescoping shaft. The
restriction caused by the pump discharge nozzle prevents all fuel from
discharging immediately when the throttle is opened. But the spring com-
presses, and then produces a sustained discharge as it extends to provide the
engine with a rich mixture until its speed builds up enough for the main
metering system to function.

{ Open throttle
: Throttle shaft

Telescoping Venturi
pump shaft (reference)

Pump
discharge

nozzle

e o 3 et e o ot e e e e e eV

Pump discharge
check valve

Leather pump piston

Float bowl ]
o : Pump inlet
check valve

Figure 4-14. The piston-type acceleration pump provides a sustained discharge of fuel
that provides a rich mixture until the engine speed builds up enough for the main metering
system to function.
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Mixture Control System

One of the primary limitations of a float carburetor is that it meters fuel on the
basis of the volume of air entering the engine, but the power produced by the
engine is a function of the mass, or weight, of the air.

An engine takes in the same volume of air for a given RPM at sea level
as it does at altitude, but at altitude, the air is less dense; it has less mass. If the
mixture ratio is correct for sea level air density and the airplane goes up in
altitude, the same number of cubic feet of air is drawn into the cylinders, but
there are fewer pounds of air. If the same amount of fuel is metered into this
less dense air, the fuel-air mixture will become richer, and the engine will
lose power.

Aircraft carburetors are equipped with mixture controls that allow the  back-suction mixture control. A type of
pilot to reduce the amount of fuel, or lean the mixture, as the airplane goesup ~ mixture control used in some float
in altitude. There are two principal types of mixture controls in common use ~ carburetors that regulates the fuel-air
on aircraft float carburetors: the variable-orifice mixture control and the back- ~ Mixture by varying the air pressure above

] ; the fuel in the float bowl.
suction mixture control.

The variable-orifice mixture control consists of a rotary valve in the float
bowl in series with the main metering jet, as shown in Figure 4-15. When the
engine is running at a high speed at low altitude, the orifice in the main
metering jet is smaller than the opening of the mixture control valve, and the
main metering jet does the metering.

As the aircraft goes to altitude, the mixture becomes richer and the
pilot closes the mixture control valve until its opening has less arca than the
main metering jet orifice. Under these conditions the mixture control does
the metering.

To shut the engine down, the mixture control is rotated to the cutoff
position, which stops all fuel flow to the engine, and it stops.

Mixture control arm

--------- e LEorTEe ---Fuel level
\
\ Float
\ bowl
\ :
Mixture control XS
rotary valv A i ing j ; 3 ¥ ; :
R Ty & | Main metering jet  \& Figure 4-15. A variable-orifice mixture
Y S g . o control is actually a variable-area valve in
B : . . 3 .
i series with the fixed-area main metering
i AIR FLOW Jjet. The smaller orifice does the metering.
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A back-suction mixture control operates on the principle of varying the
pressure drop across the fixed main metering jet to control the amount of fuel
that flows to the main discharge nozzle.

Figure 4-16 shows the back-suction mixture control on one of the popular
carburetors for small aircraft engines. For rich operation, the float bowl is
vented with air from the carburetor inlet that flows behind the venturi and
through the open disk-type mixture control valve.

At altitude, the pilot moves the mixture control toward the lean position.
This closes the disk valve and vents the float bowl to a slightly low pressure
from the edge of the venturi. The lower pressure in the float bowl decreases
the pressure drop across the main metering jet, decreasing the amount of fuel
that flows through it, and leans the mixture.

Some carburetors with back suction mixture controls have a cutoff valve
that vents the float bowl of low pressure taken from the center of the venturi.
This pressure is the same as that at the main discharge nozzle, and no fuel will
flow through the main metering jet when these pressures are the same.

Low-pressure air
(lean operation)

Mixture control disk valve

High-pressure air
Mixture control handle 5 ==y (rich operation)

| Discharge
| nozzle

~ 7 Fuel
level

Float bow! : [
q o Main ; :
metering
Fuel jet i‘ ? g‘
inlet
AIR FLOW

Figure 4-16. A back-suction mixture control varies the mixture ratio by controlling the
pressure of air above the fuel in the float bowl.
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Power Enrichment or Economizer System

Aircraft carburetors are designed so that they meter the correctamount of fuel
into the air for economical cruise flight. But provisions must be made to
remove some of the excess heat that develops in the engine when run at full
power for takeoff.

The simplest and most effective way of removing this heat is to meter
additional fuel into the air. When this fuel changes from liquid into vapor, it
absorbs heat, and the exhaust gas temperature drops.

The systems that provide this additional fuel are called either power
enrichment systems because they enrich the mixture under full power condi-
tions, or economizer systems because they allow the engine to operate with
a lean, economical mixture when the engine is not developing full power.

There are two types of power enrichment systems commonly used: the
needle-type and the air bleed-type.

The needle-type power-enrichment system has an economizer, or power
enrichment, valve and jet in parallel with the main metering jet. When the
throttle is in a position other than fully open, the main metering jet alone limits
the amount of fuel that can flow to the cylinders. But when the throttle is fully
open, the economizer valve is open, and the fuel flow is the sum of that pass-
ing through both the main metering and economizer jets.

As previously discussed, a large air bleed orifice allows the fuel-air mixture
to become leaner as the airflow through the engine increascs. A small air bleed
or no air bleed at all causes the mixture to become richer as the airflow
increases. The size of the main air bleed is chosen to provide an economical
mixture for cruise operation.

One popular series of carburetors uses an air bleed economizer system as
seen in Figure 4-17. When the throttle is in any position other than fully open,
the air for the main air bleed flows from the top of the float chamber to the
passage around the outside of the main discharge nozzle and in through the air
bleed holes. When the throttle is opened wide, the air bleed needle closes the
metering orifice and shuts off the air to the main air bleed. The mixture is
enriched as long as the throttle is wide open.

Reciprocating Engines Fuel. METERING & INDUCTION SYSTEMS
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Air bleed metering orifice Air bleed needle

|

_____Throttle shaft

| Air from float
chamber

Main discharge
nozzle

Air bleed holes

Figure 4-17. The air bleed enrichment system restricts the main air bleed when the throttle
is opened wide. Restricting the air bleed causes the mixture to become richer.

Service and Maintenance of Float Carburetors

Float carburetors, like other accessories on an aircraft engine, do not have a
specified time for overhaul, but good operating practice requires that they be
overhauled at the same time as the engine.

The overhaul of a float carburetor is not a complex operation, but, like
any other aircraft maintenance, the instructions of the carburetor manufac-
turer must be followed in detail, and all special tools called for in the overhaul
procedure must be used. All Airworthiness Directives and manufacturer’s
service bulletins must be complied with at the time of overhaul.

The float-operated needle valve is the critical component in a float
carburetor. The position of the float when the needle valve shuts off the flow
of fuel determines the fuel level relative to the discharge nozzle; this
determines the amount of fuel that is metered.

There are two ways of determining the correct setting of the float needle
valve: one is by measuring the level of the fuel in the float bowl, and the other
is by measuring the position of the float when the needle valve is closed.

The fuel level is measured in carburetors in which the needle valve is
mounted in the float bowl.
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Measure fuel level at a point away
from float and float bow!| wall

Parting surface

T

Fuel level

Fuel inlet supplied with
proper fuel pressure

Figure 4-18. Measurement of the fuel level in a float carburetor in which the needle valve

is mounted in the float bowl.

Mount the carburetor bowl on a level surface and connect the fuel line. Supply
fuel to the bowl under the pressure specified in the carburetor overhaul

manual. Measure the distance between the parting surface of the float
and the level of fuel. Measure this distance at some point away from the

bowl
float

or float bowl wall because capillary attraction causes fuel to ride up these

surfaces. If the level is not correct, adjust it by adding or removing shims
beneath the needle valve seat.

The float level is checked in carburetors that have the float mounted
bracket on the float bowl cover, as shown in Figure 4-19.

. ‘ Float Float-bowl
Twist drill cover gasket

from

on a

Float-bowl cover

Measure clearance between the float and float-bowl cover

Float stop

Measure the amount float drops down when float-bowl

gasket with the shank of a twist drill. cover is turned upright.

Figure 4-19. The float level is measured in a carburetor in which the float is mounted on a bracket on the float-bowl cover.
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static RPM. The number of revolutions
per minute an aircraft engine can produce
when the aircraft is not moving.

manifold pressure. The absolute pressure
of the air inside the induction system of a
reciprocating engine.

springback. A condition in the rigging of
an aircraft engine contro! in which the stop
at the engine is reached before the stop in
the cockpit. The cockpit control moves
slightly after the stop in the engine is
reached, and when it is released. it springs
back slightly.
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Place a new gasket on the float bowl cover and install the needle in the seat
and the float in its bracket. Hold the cover inverted and level, and measure the
distance between the top of the float (the bottom when it is inverted) and the
surface of the gasket. Use the shank of a twist drill, the size of which is
specified in the carburetor overhaul manual. I this distance is not correct,
adjust it by adding or removing shims under the needle seat.

Turn the float-bow| cover upright and check the distance the float drops
down. If the drop distance is not that specified in the carburetor overhaul
manual, adjust the tloat stop to get the correct amount of drop.

Run-up and ldle Adjustment
After the carburetor has been overhauled according to manufacturer’s speci-
fications, install it on the engine and adjust the idling mixture and RPM.

An engine equipped with a float carburetor is started with the airplane
headed into the wind and the mixture control in the FULL RICH position.
Prime the engine by spraying gasoline into the intake valve chamber, using
the number of strokes of the primer pump recommended for the engine.
Advance the throttle slightly, turn the ignition switch to BOTH, and engage
the starter. When the engine starts, adjust the throttle until it runs smoothest;
this is normally around 1,000 RPM. Allow the engine to warm up until the oil
temperature is in the normal operating range, and then advance the throttle to
full power and check to be sure that the engine is producing the correct static
RPM. Throttle back to the correct speed for a magneto check; check them to
be sure both are operating properly and there are no fouled spark plugs. You
can now adjust the idling speed and mixture.

Hold the throttle so the engine idles at the desired RPM, and adjust the
idling mixture needle valve until the engine runs smoothest. If the engine is
equipped with a manifold pressure gage, adjust the mixture until the manifold
pressure is at its lowest for the RPM held by the throttle. Run the engine up
to near full throttle to clear the spark plugs of any fouling that may have
occurred during idling, and bring the throttle back to the desired RPM. Adjust
the throttle stop screw until it contacts the throttle stop. Run the engine up
again and pull the throttle back until it contacts the stop. The RPM should be
the same each time after the throttle is pulled back. The throttle linkage should
be such that the stop on the carburetor is contacted just before the stop in the
cockpit. The cockpit control should move a small amount after the carbure-
tor stop is reached, and then spring back.

Make a final check of the idle mixture by watching the RPM as you slowly
pull the mixture control back to the IDLE CUTOFF position. The RPM
should increase between 10 and 35 RPM, depending upon the engine, before
the engine stops running. This rise in RPM shows that the idle mixture is
slightly richer than ideal. As the mixture is leaned, it passes through the ideal
ratio and the RPM increases, then drops off as the mixture becomes exces-

AVIATION MAINTENANCE TECHNICIAN SERIES POWERPLANT



sively lean. This additional richness of the idling mixture assures that all
cylinders are receiving a mixture that is rich enough for them to fire
consistently.

After the carburetor has been installed and adjusted, check carefully for any
fuel leaks or improper rigging, and be sure that all required safetying is done
according to the airframe manufacturer’s specifications.

_STUDY QUESTIONS: FLOAT CARBURETORS _______

Answers begin on Page 191. Page numbers refer to chapter text.

33. The device in the main metering system that senses the amount of air entering the engine is the
. Page 137

34. The level of fluid in the float bowl is maintained constant by a float-actuated
Page 138

35. The discharge nozzle is located near the narrowest portion of the venturi where the pressure is
(highest or lowest). Page 139

36. A float carburetor meters the fuel on the basis of the (volume or mass) of the air
entering the engine. Page 145

37. The device that controls the amount of air flowing into the engine at other than full power is the butterfly-
type valve. Page 140

38. The device that limits the amount of air that can flow into an engine under full throttle conditions is the
. Page 141

39. When the same model carburetor is used on different size engines, the components that are different are
the s , and the . Page 141

40. The two adjustments that must be made when setting the idling conditions of a reciprocating engine are:

a.
b.
Page 142
| 41. An acceleration system is needed to provide a momentarily rich mixture to sustain the engine during the
time the carburetor is transitioning between the metering system and the
metering system. Page 142 Ehnsinmad
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E STUDY QUESTIONS: FLOAT CARBURETORS Continued

42. The variable-orifice mixture control valve is in (series or parallel) with the main i
metering jet. Page 145 ‘

43. Another name for a power enrichment system is a/an I y __system. Page 147

44. The economizer jet in a needle-type power enrichment systemism (series or
parallel) with the main metering jet. Page 147

45. The fuel level in a float carburetor is adjusted by adding or removing shims from beneath the
. Page 149

46. An engine with a tloat carburetor is started with the mixture control in the
(FULL RICH, LEAN, or CUTOFF) position. Page 150

47. The correct idling mixture ratio is slightly (richer or leaner) than the perfect
mixture ratio. Page 150

Pressure Carburetors

pressure carburetor. A carburetor Float carburetors have limitations that have been overcome by pressure
msljdlled on some aircraft rec1pr.o.c‘atxng carburetors:

engines that uses the pressure difference )

between air inside the venturi and ram air  Float carburetors are susceptible to carburetor icing because fuel is
entering the carburetor to produce a fuel- discharged into the venturi where it evaporates. Pressure carburetors do
metering torce. Pressure carburetors have not discharge their fuel in the venturi.

been generally replaced with continuous-

flow fuel injection systems. « Float carburetors are sensitive to certain maneuvers. Fuel can surge to the

top of the float chamber and shut off the fuel flow to the engine. Pressure
carburetors meter the fuel by measuring the amount of air flowing into

omatic mixt ontrol (AMC). The . . .
anfonidtie e s eynulECL e the engine and spraying an appropriate amount of fuel under pressure
device in a fuel metering system such as a -
nto this air.

carburetor or fuel injection system that
keeps the fuel-air mixture ratio constant as * Float carburetors produce an increasingly rich mixture as the aircraft

the density of air changes with altitude. goes up in altitude. Pressure carburetors are equipped with automatic
mixture controls that hold the mixture ratio constant as altitude changes.

pressure-injection carburetor. A

multibarrel pressure carburetor used on Large, high-powered reciprocating engines used during World War II
large radial and V-engines. Fuel is metered  required a fuel metering system that was superior to the float carburetor, in
QRITIEHh RS SFEirunss Retlauipliiie that it did not ice up and did not shut off fuel flow to the engine during

engine and is sprayed under pressure into
the eye, or center. of the internal super-
charger impeller.

negative-G maneuvers. Direct fuel injection was used on some engines, but
the most successful and popular fuel metering system was the Stromberg
pressure-injection carburetor.
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This carburetor measured the mass of air entering the engine and metered the
correct amount of fuel. The fuel was injected under pressure into the center,
or eye, of the internal supercharger impeller. Some ol these carburetors were
fitted with antidetonation injection systems that spraved an alcohol-water
mixture into the supercharger along with the fuel. The water evaporated and
increased the density of air flowing into the engine.

Modern pressure carburetors are adapted from the pressure injection
carburetor but are simplified to meet the needs of smaller engines.

Pressure carburetors have the same basic systems as float carburetors:
main metering, idling, acceleration, mixture control, and power enrichment.

Bendix PS Pressure Carburetors
Single-barrel Bendix PS pressure carburetors like that in Figure 4-20 are
used on some horizontally opposed engines.

Main Metering System

Low pressure from the venturi in chamber B and high pressure from the
impact orifice in chamber A create an air metering force on the air diaphragm
that moves the diaphragm to the right to open the poppet valve.

A fuel metering force is made up of regulated and metered fuel pressures.
The regulated fuel in chamber D has passed through the poppet valve, and
acting on the diaphragm, it tries to close the poppet valve. Metered fuel
pressure in chamber C is held constant by the discharge nozzle valve and
places a constant pressure on the downstream side of the main metering jet.

Fuel vapors that enter the carburetor or are formed there are sent back to one
of the fuel tanks, along with a small amount of fuel that continuously flows
through a fixed restrictor and a vapor return line.

Idling System

The idling fuel pressure is produced by a coil-type idle spring in chamber A
that holds the poppet valve slightly open when the air flowing through the
carburetor is insufficient to produce a stable metering force.

The idle valve is a needle valve set in the fuel line between the main jet
and the discharge valve. This valve is actuated by the throttle control. When
the throttle is closed, the needle is almost in its seat; the amount it remains off
its seat is adjustable from the outside of the carburetor, and it controls the
idling mixture.

Reciprocating Engines FUEL METERING & INDUCTION SYSTEMS

{
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Discharge Discharge
nozzle valve nozzle

Accelerator (___o
pump

Idle valve

Power enrichment valve

Main jet

Poppet valve
Fuel inlet

Idle cutoff cam

Lean

INTAKE AIR

Impact

Figure 4-20. Single-barrel PS pressure carburetor

Acceleration System

Low manifold pressure from the engine side of the throttle butterfly valve
pulls against the diaphragm in the accelerator pump and compresses the
spring. Fuel from the metering jet flows into the chamber on the fuel side of
the diaphragm.

When the throttle is opened suddenly, the manifold pressure rises, and the
spring moves the diaphragm over, forcing the fuel out of the chamber and into

orifice

Manual mixture
control valve

Automatic
mixture control

the line to the discharge nozzle.
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Mixture Control System

The PS carburetor has both a manual and an automatic mixture control
that vary the pressure drop across the air diaphragm to change the fuel-air
mixture ratio.

The manual mixture control is a needle valve controlled from the cockpit.
When the mixture is full rich, the needle is seated in the valve orifice, and there
is no airflow between chambers A and B. When the mixture control is moved
toward the LEAN position, the needle is pulled out of the orifice and air bleeds
from chamber A into B. This decreases the air metering force and allows the
poppet valve to close slightly, leaning the mixture.

When the mixture control is moved to the IDLE CUTOFF position, the
needle valve is pulled completely out of the orifice, and the idle spring is
compressed so the poppet valve can close completely and shut off all fuel to
the cylinders.

The automatic mixture control contains a bellows that moves a reverse-
taper needle valve in a passage between chambers A and B that is parallel to
the passage provided by the manual mixture control. When the atmospheric
pressure is high, as it is at sea level, the bellows contracts, and the thick part
of the needle is in the seat. Very little air flows between chambers A and B.
The air metering force is maximum and the mixture is rich. As the airplane
goes to altitude, the air pressure decreases and the bellows expands, moving
the smaller part of the needle into the seat. This allows more air to bleed
between the chambers, and the poppet valve to close slightly. Less fuel flows
into the engine, and the mixture is leaned.

Power-Enrichment System

The power-enrichment valve is in parallel with the main metering jet. The
valve is held closed with a spring and is opened by regulated but unmetered
fuel pressure from chamber D, acting on a diaphragm. When the throttle
is nearly wide open, the regulated fuel pressure is high enough to open
the power-enrichment valve, allowing additional fuel to flow to the dis-
charge valve.

Pressure Carburetor Installation and Maintenance

FAR Part 43, Appendix A, classifies the overhaul of a pressure carburetor as
an appliance major repair. A proper overhaul and calibration requires special
tools and equipment, and is normally done by an FAA-approved repair station
that specializes in and is approved for this type of overhaul.

After a carburetor is overhauled, the fuel chambers are filled with a
preservative oil which must be removed before the engine can be run. Install
the carburetor on the engine and connect the fuel line. Remove the drain plug
from the bottom of the regulator and turn on the bo<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>