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Which is the more 
signifi cant achievement—
being the fi rst to invent 
something, or the fi rst 
to make it practical? 
Or are both equally 
important? 

• the principles of Boyle’s 
law, Charles’s law, and 
Gay-Lussac’s law

• the characteristics of internal 
combustion engines

• the mechanical, cooling, 
and ignition systems of 
reciprocating engines

• how the different types 
of jet engines work

• the role of reversers 
and suppressors used 
in jet aircraft

• reaction engines
• the development of new 

engine technology

Dr. Hans Joachim Pabst von Ohain of Germany 
designed the fi rst operational jet engine. 
But he didn’t get credit for being the fi rst 

to invent the jet engine. Great Britain’s Frank Whittle, who 
registered a patent for the turbojet engine in 1930, received 
that recognition—although he did not perform a fl ight test 
until 1941.

Ohain was born on 14 December 1911 in Dessau, Germany. 
He came up with his theory of jet propulsion in 1933 while 
pursuing his doctorate in physics.

Ohain received a patent for his turbojet engine in 1936. 
He also joined the Heinkel Company in Rostock, Germany. 
By September 1937 he had built and tested a demonstration 
engine. By 1939 he developed an operational jet aircraft, 
the He 178. Soon after, Ohain directed the construction 
of the He S.3B engine. This engine was installed in the 
He 178 airplane. It made the world’s fi rst jet-powered 
aircraft fl ight on 27 August 1939.

Ohain developed an improved engine, the He S.8A, which 
fi rst fl ew on 2 April 1941. This engine design, however, 
was less effi cient than one designed by Anselm Franz. 
That engine powered the Me 262, the fi rst operational 
jet fi ghter aircraft.
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• piston
• crankshaft
• spark plugs
• baffl e
• magnetos
• compressor
• reaction engine
• emissions
• nacelle
• composite

Ohain came to the United States in 1947 and became 
a research scientist at Wright-Patterson Air Force Base. 
In September 1963 he was appointed chief scientist of 
the Aerospace Research Laboratories. In 1975 he became 
chief scientist of Wright’s Aero Propulsion Laboratory. 
There he was responsible for maintaining the technical 
quality of research in air-breathing propulsion, power, 
and petrochemicals. After retiring in 1979, he became a 
consultant to the University of Dayton Research Institute.

During his 32 years of US government service, Ohain 
published more than 30 technical papers and registered 
19 US patents. His many honors and awards included the 
Goddard Award of the American Institute of Aeronautics 
and Astronautics, the Air Force Systems Command Award for 
Meritorious Civilian Service, and the Department of Defense 
Distinguished Civilian Service Award. He was enshrined in 
the International Aerospace Hall of Fame and the Engineering 
and Sciences Hall of Fame. In 1990 he was inducted into the 
National Aviation Hall of Fame. In 1991 Ohain was honored 
by the US National Academy of Engineering with the Charles 
Stark Draper Prize as a pioneer of the jet age.

Ohain died on 13 March 1998 at his home in Melbourne, 
Florida. 
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The Principles of Boyle’s Law, Charles’s Law, and Gay-Lussac’s Law
Centuries ago chemists and physicists were discovering 
many of the scientifi c principles that operate in aircraft 
engines today. Some of those laws are Boyle’s law, Charles’s 
law, and Gay-Lussac’s law. These help explain how certain 
engines work and create thrust. 

Boyle’s Law

The types of engines you will read about in this lesson—
including turbines and ramjets—derive thrust by doing 
work on gases. The scientifi c laws listed above explain the 
relationships among properties of gas. Those properties 
include pressure, temperature, mass, and volume. If the 
value of any two of the properties is constant, you can 
determine the nature of the relationship between the 
other two.

In 1662 a British chemist named Robert Boyle examined the relationship between 
the pressure and volume of a confi ned gas held at a constant temperature. Boyle 
noted that the product of the pressure and volume was nearly constant. When 
pressure increased, the volume decreased, and when the pressure decreased, the 
volume of the confi ned gas increased. This inverse relationship between pressure 
and volume is Boyle’s law (Figure 5.1).

Wing TIPSWing

Figure 5.1 Figure 5.1 Figure 5.1 Boyle’s law in operation: for a given mass at a constant temperature, the pressure Boyle’s law in operation: for a given mass at a constant temperature, the pressure Boyle’s law in operation: for a given mass at a constant temperature, the pressure 
times the volume is a constant. times the volume is a constant. times the volume is a constant. 
Reproduced from NASA/Glenn Research CenterReproduced from NASA/Glenn Research CenterReproduced from NASA/Glenn Research Center
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Imagine gas confi ned in a jar with a  piston on top. A piston is a metal device that 
moves back and forth inside a cylinder. The volume of the gas is 4.0 cubic meters, 
and the pressure is 1.0 kilopascal (kilo is equal to a thousand, and pascal is a unit 
of pressure). The temperature and mass are constant. When you add weights 
to the top of the piston, thus compressing the gas, the pressure increases to 
1.33 kilopascals and the volume decreases to 3.0 cubic meters. If you multiply 
the original values of pressure and volume (4.0 � 1.0) and compare that product 
with the new product of values (3.0 � 1.33), you will see that the product 
remains constant. 

Of all the three common states of matter, gases have a unique set of properties. In 
solids, intermolecular forces (the forces between molecules) are strong enough to keep 
molecules vibrating about fi xed positions so that solids have a defi nite shape and volume. 
As the temperature is raised, the molecules can gain enough kinetic energy to overcome 
some of these attractive forces and the substance melts. At this point the liquid molecules 
have enough attraction to have a defi nite volume, but not enough to stay in a fi xed 
position. Liquids take the shape of their container. Raise the temperature high enough 
and the molecules move fast enough to overcome nearly all the remaining intermolecular 
forces so that the substance becomes a gas. Gases both fi ll their container and take 
its shape. In the case of many small molecules like oxygen, methane, or carbon dioxide, 
the forces between molecules are so small that these substances are already gases at 
room temperature.

Because the motion of these widely spaced gaseous molecules is random, they collide 
with each other and with the walls of their containers, creating pressure. Because gas 
molecules are so far apart, gases are compressible and readily mix. Unlike solids and 
liquids, a gas can undergo signifi cant changes in pressure and volume. The mathematical 
expressions that describe these changes are called the gas laws (Figure 5.2). 

The Three States of Matter

Figure 5.2 Figure 5.2 Figure 5.2 Three states Three states Three states 

of matterof matterof matter
Reproduced from NASA/ Reproduced from NASA/ Reproduced from NASA/ 

Johnson Space CenterJohnson Space CenterJohnson Space Center
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Charles’s Law

Another law of gas properties considers the relationship between temperature 
and volume, with a constant mass and pressure. In 1787 French chemist and 
physicist Jacques Charles observed that the volume of a gas is directly proportional 
to its temperature. If the temperature of a gas rises, its volume increases, and if 
the temperature falls, the volume decreases (Figure 5.3). 

Figure 5.3 Figure 5.3 Figure 5.3 For a given mass at a constant pressure, the volume is directly proportional For a given mass at a constant pressure, the volume is directly proportional For a given mass at a constant pressure, the volume is directly proportional 
to temperature. to temperature. to temperature. 
Reproduced from NASA/Glenn Research Center Reproduced from NASA/Glenn Research Center Reproduced from NASA/Glenn Research Center 
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It is important to note that the temperature scale used must be absolute temperature. 
An absolute temperature scale such as the Kelvin scale starts with zero at the coldest 
temperature possible, which is absolute zero. The Celsius (C) scale has zero at a point well 
above absolute zero (�273 degrees C), so a change from 10 degrees C to 20 degrees C 
would not be a true doubling of temperature. The Kelvin temperature scale uses the 
same size degrees as the Celsius scale, and because it starts with absolute zero as zero, 
it has no negative temperatures. The units are called Kelvins (not degrees Kelvin), and 
the abbreviation is K (not �K). Add 273 to the Celsius temperature to convert to Kelvins; 
0 degrees C is equal to 273 Kelvins.

Absolute Temperature
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Gay-Lussac’s Law

A second French chemist and physicist named Joseph Louis Gay-Lussac also 
studied gases and reactions. In 1802 he confi rmed Charles’s law with his own 
publication on the relationship of temperature and volume. He later proposed 
a relationship between the pressure of a gas and its absolute temperature, when 
the volume is constant. He found that they are directly proportional: pressure 
rises when temperature rises, and pressure falls when temperature falls. This law 
about the relationship of temperature and pressure is known as Gay-Lussac’s law.

The Characteristics of Internal Combustion Engines
One engine that works on gases is the internal combustion engine. For the 
40 years following the Wright brothers’ fi rst fl ight, airplanes used internal 
combustion engines to turn propellers, which generate thrust. Today most 
general aviation or private airplanes are still powered by propellers and 
internal combustion engines, much like the automobile engine.

The combustion process of an internal combustion engine takes place in an 
enclosed cylinder where chemical energy (fuel) converts to mechanical energy 
(the movement of engine parts to turn the propeller). Inside the cylinder 
a moving piston compresses a mixture of fuel and air before combustion. 
The piston is then forced back down the cylinder following combustion.

The Wright brothers built an internal combustion 
engine in 1903. It was a very simple engine by today’s 
standards, which makes it a good model to study. 
This type of internal combustion engine was a four-
stroke engine because it included four movements 
(strokes) of the piston before the entire engine fi ring 
sequence repeated. The four strokes, in order, are 
intake, compression, power (or ignition), and exhaust. 
The next section explains these movements. 

The Mechanical, Cooling, and Ignition 
Systems of Reciprocating Engines
An internal combustion engine is a reciprocating engine because of the burning 
process that takes place in the cylinders. The name reciprocating engine derives from 
the back-and-forth, or reciprocating, movement of the pistons, which produces 
the mechanical energy necessary to do work. Engineers design most small aircraft 
with reciprocating engines.

Wing TIPS

The piston is then forced back down the cylinder following combustion.

engine in 1903. It was a very simple engine by today’s Wing
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Mechanical

A reciprocating engine’s parts include cylinders, pistons, connecting rods, 
a  crankshaft  (a rod that converts a piston’s linear up-and-down motion into circular 
motion), crankcase, intake and exhaust valves, and spark plugs (parts that ignite the 
fuel-air mixture). The cylinder houses the piston, spark plugs, and intake and exhaust 
valves, while the crankcase houses the crankshaft and connecting rod (Figure 5.4).

Figure 5.4 Figure 5.4 Figure 5.4 The parts of a spark-ignition reciprocating engineThe parts of a spark-ignition reciprocating engineThe parts of a spark-ignition reciprocating engine
Reproduced from US Department of Transportation/Federal Aviation AdministrationReproduced from US Department of Transportation/Federal Aviation AdministrationReproduced from US Department of Transportation/Federal Aviation AdministrationFlight

Jones & Bartlett Publishers
Morales Studio
30652_CH01_LS05_FIG04     05-20-11
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A four-stroke engine, such as the 
Wright brothers’ 1903 internal 
combustion engine, works with 
these engine parts as follows 
to produce thrust: 

1. Intake stroke—The fi rst stroke 
of the four-stroke process. 
As the piston moves down 
from the top of the cylinder, 
the intake valve opens, 
drawing a mixture of air 
and a very fi ne mist of fuel 
into the cylinder at constant 
pressure. The fi ne mist of 
liquid fuel provides a great 
deal of surface area that reacts 
quickly with the oxygen in 
the air (Figure 5.5). 

2. Compression stroke—The 
second stroke. When the 
piston reaches the bottom, 
the intake valve closes, sealing 
the cylinder. The piston 
moves back up the cylinder. 
As the volume decreases, 
the piston does work on the 
gas mixture by compressing 
the fuel-air mixture to 
about one-ninth its volume, 
raising its temperature, and 
increasing its pressure. Now 
the gas particles are very close 
together so they will be able 
to react quickly when ignited 
(Figure 5.6). 

Figure 5.5 Figure 5.5 Figure 5.5 Intake strokeIntake strokeIntake stroke
Reproduced from NASA/Reproduced from NASA/Reproduced from NASA/
Johnson Space CenterJohnson Space CenterJohnson Space Center
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Figure 5.6 Figure 5.6 Figure 5.6 Compression Compression Compression 
strokestrokestroke
Reproduced from NASA/Reproduced from NASA/Reproduced from NASA/
Johnson Space CenterJohnson Space CenterJohnson Space Center

Flight
Jones & Bartlett Publishers
Morales Studio
30652_CH01_LS05_FIG06     05-20-11



76 CHAPTER 1 How Airplanes Fly

Figure 5.7 Figure 5.7 Figure 5.7 Power strokePower strokePower stroke
Reproduced from NASA/Reproduced from NASA/Reproduced from NASA/
Johnson Space CenterJohnson Space CenterJohnson Space Center
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Figure 5.8 Figure 5.8 Figure 5.8 Exhaust Exhaust Exhaust 
strokestrokestroke
Reproduced from NASA/Reproduced from NASA/Reproduced from NASA/
Johnson Space CenterJohnson Space CenterJohnson Space Center
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3. Power or ignition stroke—
The third stroke. As the piston 
nears the top, the system 
sends a surge of high-voltage 
current to the spark plug. 
This produces a high-energy 
spark, which ignites the 
compressed fuel-air mixture. 
The fuel rapidly combines 
with the oxygen (that is, 
it burns) and produces carbon 
dioxide gas and water vapor. 
These hot gases expand and 
exert tremendous force on 
the piston, driving the piston 
down the cylinder and turning 
the crankshaft. The crankshaft 
turns the aircraft propeller 
(Figure 5.7). 

4. Exhaust stroke—The fourth 
stroke. Once the piston has 
reached the bottom and 
starts back up the cylinder, 
the exhaust stroke begins. 
The exhaust valve opens, 
residual heat is released, 
and the pressure returns 
to atmospheric conditions. 
The piston pushes the waste 
gases out of the cylinder, 
and the process is ready 
to begin again (Figure 5.8). 
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The intake and exhaust cycles don’t actually 
produce any power. Only the compression and 
power strokes determine the work available 
from the reciprocating engine. 

Cooling

The burning fuel inside the cylinders produces 
intense heat. Exhaust systems expel much of the heat. Still, enough remains that 
engines can overheat. Designers use either air or liquid to address this danger.

In an air-cooled system, air fl ows through openings at the front of the engine 
cowling, or cover, into the engine compartment. A number of devices called 
a  baffl e  (a partition that changes the airfl ow direction) route air over fi ns attached 
to the cylinders and other parts of the engine where the air absorbs the heat. 
The hot air leaves the engine compartment through one or more openings 
in the lower, aft portion of the engine cowling (Figure 5.9). 

Wing TIPSWing

Figure 5.9 Figure 5.9 Figure 5.9 Cooling Cooling Cooling 

an engine with airan engine with airan engine with air
Reproduced from Reproduced from Reproduced from 
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A liquid-cooled design requires the additional weight of a radiator and liquid. 
You’ve likely seen a radiator before under the hood of a car. Radiators pump 
air-cooled liquid in pipes around cylinders and other hot parts of an engine. 
The liquid in the pipes absorbs excess heat, fl ows back to the radiator to be 
cooled once more by air, and repeats the cycle.

Ignition System

An engine’s ignition system provides the spark that ignites the fuel-air mixture 
in the cylinders. In a spark-ignition engine, the parts include magnetos  (a unit 
that supplies electric current to the spark plugs), spark plugs, and an ignition switch.

Most aircraft engines have two magnetos. These units generate a high voltage 
that jumps a spark in each cylinder. Each magneto operates by itself to fi re one 
of the two spark plugs in each cylinder. The fi ring of two spark plugs improves 
combustion of the fuel-air mixture and results in slightly more power. If one 

The two primary reciprocating engine designs are spark ignition and compression ignition. 
Each has about the same engine parts, including cylindrical combustion chambers and 
pistons that travel the length of the cylinders to convert linear motion into rotary motion 
of the crankshaft.

The main difference between the two is the process of igniting the fuel. Spark ignition 
engines use a spark plug to ignite a premixed fuel-air mixture. Compression ignition engines 
instead compress the air in the cylinder to raise its temperature to a degree necessary 
for automatic ignition when fuel is injected into the cylinder.

Types of Reciprocating Engines

The reciprocating engines in automobiles and aircraft operate on similar principles. 
But there are some important differences. First, while aircraft engines get electrical power 
for the spark plugs from magnetos, auto engines use batteries—except for a few very old 
luxury models.

Second, in an auto engine reliability is very important, but it’s even more important in 
an aircraft engine. The loss of engine power is far more serious for an airplane than for 
an auto. Third, for an aircraft engine, light weight and small size are more important than 
for an auto engine. This means aircraft engines must produce more power for their size 
than do auto engines.

Fourth, aircraft engines nowadays are air-cooled, while the vast majority of auto engines 
are water-cooled using a radiator. Finally, aircraft engines must be able to operate at higher 
altitudes than auto engines.

Automobile Engines Versus Aircraft Engines
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magneto fails, the other can still work just fi ne on its own. The engine will continue 
to operate normally, although the power will decrease some. The same is true if 
one of the two spark plugs in a cylinder fails.

The pilot controls the ignition process with an ignition switch. Its fi ve positions 
are Off, Right, Left, Both, and Start. By selecting Right or Left, the pilot activates 
only the Right or Left magneto. By selecting Both, the pilot operates both magnetos. 

How the Different Types of Jet Engines Work
By the middle of World War II, engineers had investigated nearly every variation 
of piston engine. The piston engine just wasn’t providing enough speed or altitude. 
To get more power from a piston engine would have required more cylinders, 
which would have called for even more cooling and weight. In addition, propellers 
can only turn so fast. As propeller tips approach the speed of sound, their 
performance decreases. The question was how to develop an engine that would 
allow airplanes to fl y faster and higher.

You read in an earlier lesson about a young Royal Air Force cadet named Frank Whittle 
who designed a gas turbine engine in 1928 and took out a patent for it in 1930. 
His engine resulted in the Gloster Meteor fi ghter in 1941 that fl ew more than 400 
miles per hour. The Germans were also developing the jet engine during the 1930s, 
and their research produced the Heinkel He 178 jet aircraft, which fl ew in 1939. 

A Gloster Meteor fi ghterA Gloster Meteor fi ghterA Gloster Meteor fi ghter
© Laser143/Dreamstime.com© Laser143/Dreamstime.com© Laser143/Dreamstime.com
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These turbine engines offered a much better power-to-weight ratio than piston 
engines could. They consist of an air inlet, a  compressor  (a device that compresses—
or increases pressure on—air or gas), combustion chambers, a turbine section, and 
exhaust. The turbine engine draws in air and compresses it, adds fuel and burns it, 

and the hot gases expand out the rear of the engine to 
push the aircraft forward. By increasing the velocity of the 
air fl owing through the engine, you can increase the thrust. 
Some of these exhaust gases turn the turbine, which drives 
the compressor.

Engineers have developed a number of different turbine 
engines for use depending on the needs of a particular 
type of aircraft. 

Turbojets

Turbojets were the fi rst type of turbine engines developed. All the thrust comes 
through the turbine and nozzle, which are the core of the engine. These are what 
people commonly refer to as jet engines.

The turbojet engine is a departure from the standard piston engine. Instead of 
burning fuel in a confi ned space that depends on precise timing of ignition, the 
turbojet engine is essentially an open tube that burns fuel continuously. According 
to Newton’s third law, as hot gases expand out the rear of the engine, the engine 
accelerates in the opposite direction. The engine consists of three main parts, 
the compressor, the combustion chamber, and the turbine, along with the inlet, 
shaft, and nozzle (Figure 5.10). 

Wing TIPSWing

Figure 5.10 Figure 5.10 Figure 5.10 Parts of a turbojet engineParts of a turbojet engineParts of a turbojet engine
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A large mass of air enters the engine through the inlet and is drawn into a rotating 
compressor. The compressor raises the pressure of the air entering the engine 
by passing it through a series of rotating and stationary blades on its way to the 
combustion chamber. As the compressor forces the gas into smaller and smaller 
volumes, the gas pressure increases. The gas also heats up as the compressor 
decreases its volume.

Next, a fuel injector injects fuel into the combustion chamber, where it ignites. 
The energy of the gas rises as its temperature increases. The gas accelerates toward 
the turbine due to the high pressure created by the compressor. Next, the heated 
gas passes over the turbine blades causing them to rotate and, in turn, to rotate a 
shaft connected to the compressor. The turbine removes some energy from the fl ow 
to drive the compressor, but there remains suffi cient energy in the gas to do work 
as it exits the nozzle.

The nozzle’s purpose is to convert chemical energy 
into mechanical energy, thus producing thrust. The 
nozzle allows the fl ow of hot gases to exit the rear of 
the engine. Most nozzles restrict the fl ow somewhat 
before allowing it to expand. This creates additional 
pressure and, thus, additional thrust. It also controls 
the mass fl ow through the engine, which, along with 
the velocity, determines the amount of energy the 
engine produces. 

Turbofans

A turbofan is a modifi ed version of a turbojet engine. Both share the same basic core 
of an inlet, compressor, combustion chamber, turbine, and nozzle. However, the 
turbofan has an additional turbine to turn a large, many-bladed fan located at the 
front of the engine. This is a two-spool engine. One spool powers the compressor 
and the other turns the large fan (Figure 5.11).

Wing TIPSWing

Only supersonic high-performance aircraft use afterburners, and they use them for only 
short periods. Fuel is injected into the hot exhaust stream after the hot gases have passed 
through the turbine to produce additional thrust, allowing for high speed at a cost of high 
fuel consumption.

The afterburner uses compressor air not burned in the combustor. It doesn’t burn fuel as 
effi ciently as the combustion chamber, which is why an afterburner dramatically increases 
fuel consumption. It is generally only used on fi ghter aircraft to gain short bursts of speed 
such as for short takeoffs and in dogfi ghting. Otherwise, the aircraft could quickly run out 
of fuel.

Afterburners
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Some of the air from this large fan enters the engine core, where fuel burns to 
provide some thrust. But up to 90 percent of the air goes around —or bypasses—
the engine core. It is this bypass stream of air that is responsible for the term 
bypass engine. As much as 75 percent of the engine’s total thrust comes from the 
bypass air. This air passes through a fan, which acts as a low-pressure compressor. 

Figure 5.11 Figure 5.11 Figure 5.11 Parts of a turbofan engineParts of a turbofan engineParts of a turbofan engine
Reproduced from US Department of Transportation/Federal Aviation Administration
Reproduced from US Department of Transportation/Federal Aviation Administration
Reproduced from US Department of Transportation/Federal Aviation Administration
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Figure 5.12 Figure 5.12 Figure 5.12 Parts of a turboprop engineParts of a turboprop engineParts of a turboprop engine
Reproduced from US Department of Transportation/Federal Aviation AdministrationReproduced from US Department of Transportation/Federal Aviation AdministrationReproduced from US Department of Transportation/Federal Aviation Administration
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It is then ejected directly as a “cold” jet or mixed with the exhaust to produce 
a “hot” jet. In addition, the rear end of the bypass area is narrower than the 
front end, thus creating more thrust. 

Turboprops

This engine is a hybrid of a turbojet and a propeller engine. It has at its heart 
a turbojet core to produce power but with two turbines. The fi rst turbine powers 
the compressor while the second powers the propeller through a separate shaft 
and gear reduction (a gear reduction reduces the speed of something, in this case, 
the propellers). The gears are necessary to keep the propeller from going supersonic 
and losing effi ciency (Figure 5.12). 

Ramjets and Scramjets

Chapter 1, Lesson 3 introduced you to ramjets, 
which work in conjunction with another power 
source for initial thrust. A rocket is one such initial 
power plant. Once up to suffi cient speed, the 
ramjet operates by combusting fuel in a stream 
of air compressed by the aircraft’s forward motion, 
as opposed to a normal jet engine in which the 
compressor section (the fan blades) compresses 
the air. The airfl ow through a ramjet engine 
is subsonic, or less than the speed of sound. 
Ramjet-propelled vehicles operate from about 
Mach 3 to Mach 6 (Figure 5.13). 

Wing TIPSWing

Figure 5.13 Figure 5.13 Figure 5.13 Parts of a ramjet engineParts of a ramjet engineParts of a ramjet engine
Reproduced from NASA/Johnson Space CenterReproduced from NASA/Johnson Space CenterReproduced from NASA/Johnson Space Center
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Scramjets
When a ramjet’s speed gets above Mach 5, the temperature in the combustion 
chambers exceeds 2,000 degrees C. The air is so hot at this temperature that the 
engine can’t gain much additional energy by burning fuel. In addition, the extreme 
speeds damage some of the material inside the engine.

Scramjets overcome this speed limitation. A scramjet is a ramjet engine in which 
the airfl ow through the engine remains supersonic, or greater than the speed of 
sound. The word “scramjet” is an abbreviation for supersonic-combustion ramjet. 
A scramjet can’t operate at subsonic or even low supersonic speeds, so it needs 
another engine or vehicle to accelerate it to operating speed (Figure 5.14).

Figure 5.14 Figure 5.14 Figure 5.14 Comparison of a scramjet and conventional jet engine
Comparison of a scramjet and conventional jet engine
Comparison of a scramjet and conventional jet engine

Reproduced from NASA’s Dryden Flight Research Center
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Scramjet engine

Supersonic combustion ramjets, or 
scramjets, operate by burning fuel in 
a stream of supersonic air compressed 
by the forward speed of the aircraft. 
Unlike conventional jet engines, 
scramjets have no rotating parts. 
In normal jet engines, rotating 
blades compress the air, and 
the airflow remains subsonic.

Conventional jet engine

Rotating compressor blades draw in air 
and compress it. A mixture of fuel and air 

burns and expands in the combustion 
chamber. Hot, compressed air is forced 
out the exhaust nozzle, producing thrust.

Heated exhaust

Heated exhaust

Intake airflow

Intake airflow

Hydrogen fuel is ignited 
in the supersonic 
airflow, with the rapid 
expansion of hot air 
out the exhaust nozzle 
producing thrust.

The supersonic airflow into 
the engine is compressed 
more as it enters the inlet 
and passes through the 
engine. This increases the 
air pressure higher than 
the surrounding air.
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In 2004 NASA fl ew its X-43A scramjet at Mach 9.6. A B-52 carried to 40,000 feet 
the fi rst stage of a Pegasus rocket with an X-43A attached. It released the Pegasus, 
which ignited and transported the scramjet to 110,000 feet, where it released 
the X-43A to fi re its scramjet engine.

In 2010 the US space agency test-fl ew another scramjet, the X-51A. Its air-
breathing engine burned for more than 200 seconds and accelerated to Mach 5, 
or fi ve times the speed of sound. This broke the X-43A’s previous record for 
longest scramjet burn. 

The Role of Reversers and Suppressors Used in Jet Aircraft
As jet aircraft increased speed and altitude, a couple of new problems arose. 
First, aircraft coming in at a greater speed when landing are harder to stop; 
and second, they generate lots of noise that bothers communities near airports.

Thrust Reversers

As you read in earlier lessons, jet aircraft have several ways to come to a stop 
when landing: aerodynamic braking (spoilers, fl aps, and slats), wheel brakes, 
and the thrust reverser (a device that diverts thrust to the opposite direction of 
the aircraft’s motion). Pilots use a combination of these methods when landing. 
The thrust reverser can be 
especially important in diffi cult 
landing conditions, such as a wet, 
slippery runway where wheel 
braking won’t be as effective 
as on a dry surface.

One type of thrust reverser design 
that pilots use to change the 
direction of the exhaust stream 
is the clamshell reverser. It fi ts over 
the engine nozzle. When engaged, 
the reverser opens up like a 
clamshell. Each half swings back 
until the two halves meet at the 
nozzle exit. By forming a shield at 
the back of the nozzle, the reverser 
defl ects the exhaust so it no longer 
acts to produce forward thrust. 

A clamshell reverserA clamshell reverserA clamshell reverser
Courtesy of Dan BrownleeCourtesy of Dan BrownleeCourtesy of Dan Brownlee
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A second type of reverser is the cascade reverser. A series of airfoils with a high 
degree of camber opens up to change the airfl ow’s direction. Some engines use 
just one of these reverse thrust designs; others employ both cascade and clamshell 
reversers. 

Noise Suppressors

Jet engine noise is also a modern problem, as you might have 
noticed when a passenger airliner has fl own overhead. This 
is particularly a problem during periods when the aircraft 
is relatively low to the ground and has high-powered settings. 
These generally occur during takeoff and climb or during 
approaches to landing. To protect communities surrounding 
airports, laws regulate how much noise aircraft can make. 

Wing TIPSWing

Chevrons are teeth cut Chevrons are teeth cut Chevrons are teeth cut 
into a nozzle’s edge to into a nozzle’s edge to into a nozzle’s edge to 
reduce jet exhaust noise.reduce jet exhaust noise.reduce jet exhaust noise.
Copyright © Boeing. All Rights Copyright © Boeing. All Rights Copyright © Boeing. All Rights 
Reserved.Reserved.Reserved.

On a large, commercial airliner, according to a design study in the 1990s by General Electric 
Aircraft Engines, each thrust reverser weighs about 1,500 pounds. They require extra 
maintenance and increase fuel consumption by as much as 1 percent. Boeing Commercial 
Airplane Company estimated in another study during the same period that purchasing, 
installing, and using thrust reversers on a Boeing 767 cost about $125,000 (not adjusted 
for infl ation) per year for each airplane. Boeing’s study further showed that while thrust 
reversers decrease the wear and tear on the wheel brakes, thrust reversers still end up 
being the more expensive way to slow down an aircraft. Academic and industry researchers 
continue to work on developing more effective wheel brakes.

Thrust Reverser Factoids
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The fl ow of exhaust creates much of the racket. 
Aircraft engines generate power from expanding 
gases. Turbine blades move large volumes of 
air backward to push aircraft forward. All this 
activity pushes on the surrounding air, causing 
compression and rarefaction (a thinning out) 
of the air molecules. This produces pressure 
waves, which you perceive as sound if they 
are strong enough and at the right frequencies.

Engineers have designed a number of different 
noise suppressors over the years to deal with 
this issue. One invention is the chevron. These 
are teeth cut into a nozzle’s edge to reduce 
jet exhaust noise. Chevrons change the way 
engine exhaust mixes with the surrounding air. 
Another idea is the corrugated noise suppressor. 
Something that’s corrugated has ridges. These 
ridged nozzles break up the low-frequency 
noise pouring out in a large exhaust fl ow.

Yet another invention attaches many smaller 
tubes (multi-tube-type) at the nozzle exit to 
fracture the exhaust fl ow. The fourth concept, 
referred to as an ejector-type noise suppressor, 
directs surrounding air so it mixes with the 
high-velocity exhaust. Mixing external air with 
the exhaust slows down the exhaust’s velocity 
and reduces noise. Noise is still a problem, 
however, and engineers are working to fi nd 
even better solutions (Figure 5.15). 

Reaction Engines
The same high-velocity exhaust that makes so much noise is also what makes 
a jet engine a  reaction engine. A reaction engine is an engine that develops thrust 
by its reaction to a substance ejected from it; specifi cally, an engine that ejects a jet 
or stream of gases created by the burning of fuel within the engine.

A reaction engine operates according to Newton’s third law of motion that to 
every action, there is an equal and opposite reaction. As you’ve read, a jet engine 
produces a high-velocity exhaust that shoots out a nozzle and propels the aircraft 
in the opposite direction.

Figure 5.15 Figure 5.15 Figure 5.15 Types of noise suppressorsTypes of noise suppressorsTypes of noise suppressors

Reproduced from NASAReproduced from NASAReproduced from NASA
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A type of corrugated noise suppressor

Multiple-tube-type noise suppressor

Ejector-type noise suppressor
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Rocket engines, which launch missiles and spacecraft, are also reaction 
engines. Most rocket engines are internal combustion engines and likewise 
propel the rocket in the opposite direction of the exhaust fl ow. Ion engines 
are yet another kind of reaction engine. They create ions (charged particles) 
and then eject the ions at high speeds to push vehicles forward. Whereas 
most rocket engines use chemical reactions for power, ion engines use 
electric fi elds.

The Development of New Engine Technology
Jet engines consume many millions of tons of fuel each year and release 
harmful gases into the atmosphere. One of these harmful  emissions 
(a discharge of gases) is carbon dioxide (CO2), which comes from burning 
fossil fuels. Another is nitrogen dioxide (NO2), which contributes to the 
yellow-brown haze you see hanging over cities. Aerospace engineers are 
working on new engine technologies that aim to cut fuel use and reduce 
such emissions.

Some Groundbreaking Moves

Pratt & Whitney, an aerospace manufacturer, recently developed a geared 
turbofan engine that reduces:

• Fuel consumption (by 12 percent to 15 percent)

• Emissions (e.g., by 1,500 tons of carbon dioxide per plane 
each year)

• Engine noise (by 50 percent)

• Operating costs.

The company spent 20 years researching, developing, and ground- 
and fl ight-testing its new engine, the PurePower PW1000G. This engine 
allows the fan and the turbine to operate separately, a real breakthrough 
in technology. This is important because fans, which draw air into an 
engine for the combustion process, run more effi ciently at speeds lower 
than a turbine’s optimum operating speed. Turbines, which exhaust the 
high-velocity gases exiting the combustion chambers, perform far better 
at higher speeds. Until Pratt & Whitney’s engine, the two parts turned 
at the same speed. Now that they can work independently of one another, 
this engine burns less fuel, makes less noise, and breathes out fewer 
unhealthy emissions.
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Meanwhile, General Electric 
(GE) and NASA’s Glenn Research 
Center have teamed up to 
develop an open rotor engine. 
This open rotor engine is a jet 
engine with two high-speed 
propellers outside the nacelle 
(a streamlined casing around an 
engine). The concept dates from 
the 1970s when GE and NASA 
fi rst joined forces on open rotor 
research to fi nd ways to save 
fuel. Oil prices were high then, 
which inspired 20 years of 
research. Now that oil costs 
are rising once more, study 
has resumed.

GE and NASA’s renewed work on open 
rotor engine technology is focusing on fuel effi ciency, reduced emissions, and noise 
reduction. Today’s more sophisticated technology means advances are even more 
likely. NASA’s test rig, for instance, allows one propeller to spin one way and the 
other to turn in the opposite direction. Furthermore NASA says that the airfoil 
shapes of fan blades can now be custom designed to get the best performance. 

GE is also working to reduce fuel consumption by using lighter-weight engine 
material. One avenue of research is the ceramic fan blade for turbines. GE Aviation 
refers to the material as ceramic matrix composites. Anything that is  composite  is 
made up of a combination of materials.

GE Aviation says these composites have two main advantages for jet engines. 
First they are lightweight—in general, one-third the density of pure metals—
and so increase fuel effi ciency because the aircraft is carrying less weight. 
Second the composites are tough and more heat resistant than metals, requiring 
less cooling and so improving engine effi ciency and/or thrust.

Another Breakthrough: Thrust Vectoring

Although not a twenty-fi rst century invention, thrust vectoring is still a 
groundbreaking engine technology. First tested in the early 1990s, the thrust 
vector engine has nozzles that turn to redirect thrust. This lets aircraft maneuver 
with greater precision in the very slow speed, very high angle of attack regime. 
The aim of this technology is maneuverability, not fuel effi ciency.

An open rotor engineAn open rotor engineAn open rotor engine
Courtesy of NASA/Glenn Research Center 
Courtesy of NASA/Glenn Research Center 
Courtesy of NASA/Glenn Research Center 
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One of the earliest aircraft to fl y with thrust vectoring technology was the 
F-15 ACTIVE (Advanced Control Technology for Integrated Vehicle). NASA 
conducted fl ight tests with this aircraft using thrust vector engines built by 
Pratt & Whitney. Today Pratt & Whitney continues to produce engines with 
vectored thrust. Two of the manufacturer’s F119 engines drive the F-22 Raptor, 
a fi fth-generation fi ghter. 

Many other private and government engineers are working on various 
advances in engine technologies. Their hope is that future engines will further 
increase effi ciency, reduce noise and pollution, and work with other exotic, 
lightweight materials.

This lesson has taken you through a comparison of different types of airplane 
engines, from the internal combustion engine to jet engines to a look at new 
engine technologies. The next lesson will explore what drives development 
of aerospace technology and explore some of the new technologies.

The F-15 ACTIVE fl ies The F-15 ACTIVE fl ies The F-15 ACTIVE fl ies 

over the Mojave Desert. over the Mojave Desert. over the Mojave Desert. 

The twin-engine fi ghter The twin-engine fi ghter The twin-engine fi ghter 

is equipped with Pratt & is equipped with Pratt & is equipped with Pratt & 

Whitney nozzles that can Whitney nozzles that can Whitney nozzles that can 

turn up to 20 degrees turn up to 20 degrees turn up to 20 degrees 

in any direction, giving in any direction, giving in any direction, giving 

the aircraft thrust control the aircraft thrust control the aircraft thrust control 

in the pitch and yaw in the pitch and yaw in the pitch and yaw 

directions.directions.directions.
Courtesy of NASA/Jim RossCourtesy of NASA/Jim RossCourtesy of NASA/Jim Ross
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Lesson 5 Review
Using complete sentences, answer the following questions on a sheet of paper.

1. What relationship did Robert Boyle examine, and what did he note about it?

2. What did French chemist and physicist Jacques Charles observe in 1787?

3. Where does the combustion process of an internal combustion engine 
take place?

4. Name the four strokes of an internal combustion engine in order.

5. Which two strokes determine the work available from a reciprocating 
engine?

6. How many magnetos do most engines have?

7. What happens to propeller tips when they approach the speed of sound?

8. What was the fi rst type of turbine engine developed?

9. When can a thrust reverser be especially important?

10. When is jet engine noise particularly a problem?

11. What is a reaction engine?

12. A reaction engine operates according to which law?

13. What did GE and NASA hope to fi nd when they fi rst joined forces 
on open rotor research in the 1970s?

14. What does a thrust vector engine have?

APPLYING YOUR LEARNINGAPPLYING YOUR LEARNINGAPPLYING YOUR LEARNINGAPPLYING YOUR LEARNINGAPPLYING YOUR LEARNINGAPPLYING YOUR LEARNINGAPPLYING YOUR LEARNINGAPPLYING YOUR LEARNING

15. What other ways can you think of—not discussed in this lesson—
that could further reduce how much fuel an aircraft uses?


