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and pulsed jets, with work spanning from fundamental lab investigations 
to implementation on full-scale automobiles. Professor Gregory has a 
patent pending for automotive drag reduction. He is recognized as a global 
leader in the development of fast-response pressure-sensitive paint as a 
measurement tool for understanding unsteady flows.

Professor Gregory’s research interests include the safe and robust flight of 
drones in gusting winds and icing conditions. His group has built numerous 
drones, including a 55-pound jet-powered aircraft capable of flying at more 
than 200 miles per hour. Professor Gregory’s research team has expertise 
with flight testing of manned and unmanned aircraft, systems integration, 
small-scale propulsion systems, and inertial navigation systems.

Professor Gregory regularly teaches about 200 students each year at 
Ohio State; his courses include Introduction to Aerospace Engineering, 
Aircraft Performance and Flight Test Engineering, Helicopter Aerodynamics, 
and Experimental Fluid Mechanics. His classroom innovations include a 
high-altitude balloon launch to study the flight environment, the analysis 
of commercial airliner flight recorder data to extract insight on aircraft 
performance, and an international student design project in which students 
from Ohio State and the American University of Beirut collaborated to 
design and build an aerial vehicle for remote detection of buried landmines. 
Professor Gregory’s teaching innovations have led to him being awarded 
Ohio State’s David C. McCarthy Engineering Teaching Award and the 
Department of Mechanical and Aerospace Engineering Outstanding 
Professor Award as well as the SAE Ralph R. Teetor Educational Award.

Professor Gregory’s research has been funded by more than $10 million 
from industry and government (with sources including the U.S. Air Force, 
the U.S. Army, NASA, and the Federal Aviation Administration). That 
funding includes an Army Research Office Young Investigator Program 
Award. His research has resulted in more than 100 publications and several 
best paper awards. Professor Gregory is also nearing completion of a book 
on the flight testing of light aircraft and unmanned aerial vehicles. He was 
also selected as a Fulbright Scholar in 2014–2015, conducting research at 
the Israel Institute of Technology (Technion) in Haifa, Israel. ■
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About Our Partner

Founded in 1846, the Smithsonian Institution is the world’s largest 
museum and research complex, consisting of 19 museums and galleries, 

the National Zoological Park, and 9 research facilities. The total number 
of artifacts, works of art, and specimens in the Smithsonian’s collections 
is estimated at 154 million. These collections represent America’s rich 
heritage, art from across the globe, and the immense diversity of the 
natural and cultural world.

In support of its mission—the increase and diffusion of knowledge—the 
Smithsonian has embarked on four Grand Challenges that describe its 
areas of study, collaboration, and exhibition: Unlocking the Mysteries 
of the Universe, Understanding and Sustaining a Biodiverse Planet, 
Valuing World Cultures, and Understanding the American Experience. 
The Smithsonian’s partnership with The Great Courses is an engaging 
opportunity to encourage continuous exploration by learners of all ages 
across these diverse areas of study.

This course, The Science of Flight, offers a look at how humans have taken to 
the skies, from the relative simplicity of balloons and gliders to the incredibly 
complex achievement of space flight. The course examines some of the 
complex calculations behind the design of effective flying machines. And it 
also introduces the human side, with tales of real-life pilots and designers 
interspersed throughout. All in all, this course tells the story of how people 
have overcome the vast technical challenges presented by flight. ■
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Scope

The flight of aircraft and spacecraft may seem mysterious, but these 
physical concepts can be readily understood. This course dives into the 

physical explanations of flight.

We begin our journey by considering gliding flight and balloon flight, since 
these are the most basic and elegant forms of flight. Gliding flight allows us 
to focus on the aerodynamic forces of lift and drag, and how they govern 
flight performance. We’ll also explore how balloons produce buoyancy 
force—which is simply the weight of the air displaced by a balloon—to lift 
people in the air.

Next we cover the 4 key pillars of airplane flight: aerodynamics, propulsion, 
structure, and stability/control. 

We’ll invest 4 lectures on aerodynamics—the science of airflow over bodies 
and the resulting forces. We’ll see how lift is produced by the wing, and that 
drag is the aerodynamic consequence of moving the aircraft through the air. 
Another topic will be the interplay between lift and drag on a wing, resulting 
in wingtip vortices that pose a hazard to other aircraft. We’ll also examine 
how aerodynamic stall results when the flow is no longer able to follow 
the aggressive curvature induced by the wing inclined at a high angle, and 
how icing can have a dramatic impact on stall. Our study of aerodynamics 
will conclude with a look at how aircraft designers use wind tunnels and 
computational tools to measure and predict aerodynamic performance.

Next, we’ll turn to propulsion, where we’ll study both propeller-driven aircraft 
and jets. We’ll see that piston-powered propeller aircraft are generally more 
efficient than jets at lower flight speeds since there is less wasted kinetic 
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energy in the propeller wake, but that jet engines are required to overcome 
the high drag experienced in high-speed flight.

The study of structural loads pivots from aerodynamics to consider how an 
aircraft structure withstands the bending of the wing, the pressurization of 
the cabin, and the impact of the landing gear on touchdown. We’ll then turn 
to the last major pillar: stability and control, where we’ll learn about what 
must be done to keep an airplane flying in the right direction, and how an 
airplane’s direction of flight can be manipulated by the control surfaces.

At this point, the course pulls together the 4 major pillars into an integrated 
view with a study of aircraft performance and design. Here, we’ll see how 
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pilots and engineers push the boundaries of what is possible. For example, 
drag (aerodynamics) and the available engine power (propulsion) set the 
maximum speed of an aircraft. We’ll also study the tricky challenges of 
high-speed flight and breaking the sound barrier.

We’ll next turn to how far an airplane can fly, considering how the fuel 
capacity (limited by structure), aerodynamics, and propulsion system work 
together to define range. We’ll also learn how the 4 pillars of the science 
of flight govern maneuvering performance. We’ll see how a pilot can obtain 
an advantage in a dogfight based on conservation of energy. Finally, this 
section concludes with a look at aircraft design.

The next major section of our course is on what it takes to safely fly an 
aircraft. We’ll start with a grand tour of the cockpit, focusing on the key 
instruments that a pilot needs to fly without any outside visual reference. 
We’ll see how a large network of people and infrastructure on the ground 
support flights and help pilots navigate safely. The science behind cockpit 
instruments and the ground-based air traffic infrastructure is enabling a 
revolution in the autonomy and flight of drones. We’ll also take a look at the 
aerodynamics and performance of helicopters in vertical flight.

Next, the course turns to space flight. We’ll start with the fundamentals of 
rocket propulsion, learning how a staged rocket can carry more payload to 
orbit than a single-stage design. We’ll see that a spacecraft in orbit is never 
really free from the confines of gravity. We’ll learn about how spacecraft, 
such as Voyager, can exploit a gravity assist trajectory to get free 
acceleration on a long journey to distant planets. Another topic: how the 
crippled Apollo 13 flight used a “free return” trajectory around the Moon to 
return home. And, we’ll discuss the challenging physics of getting through 
Earth’s atmosphere to return safely home.

Finally, we’ll conclude with a look at various interesting and futuristic 
concepts of flight, such as space elevators, Martian aircraft, hypersonic 
planes, electric aircraft, and the ground effect. These unique concepts help 
foster a better understanding of the capabilities and limitations of flight. ■
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LECTURE 

1 Fundamentals of Flight: Gliding

Flight captivates the imagination. Our pursuit of flight is propelled by 
longings for adventure, freedom, and the exploration of the unknown. 

For example, flight has given us unparalleled access to areas of the world 
that we would never be able to reach, like dropping in on an inviting, but 
remote, riverbed in the Alaskan bush. Then there are the technological 
marvels. From the Wright Flyer to SpaceShipOne, a deeper exploration 
of how these flying machines work beckons. This lecture begins that 
exploration with a look at one of the earliest flight designs: the glider.

Gliding

 ► The act of gliding is flight in its purest and most basic form: It’s just 
a pilot and wings, working in an attempt to tame the wind and soar. 

 ► When a glider climbs in altitude, it’s increasing its potential energy. 
But since there’s no engine on board to increase the glider’s 
energy, the glider must tap some kind of external energy source. 

 ► From ground level, this increase in energy might be provided by a 
tow plane, or a ground-based winch, either of which can boost the 
speed and height of the glider. For a glider already in high-speed 
flight, a pilot can trade off some of the aircraft’s kinetic energy for 
potential energy by pulling up into a climb. The altitude is higher, 
while the airspeed decreases. 
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 ► But most commonly, a glider pilot will look for external sources of 
energy within the atmosphere. Most often, these sources include 
thermals, which are rising masses of heated air. 

 ► At the highest altitudes, glider pilots need to rely on mountain 
waves, which are very strong, periodic updrafts and downdrafts 
created by wind flowing over the top of a mountain ridgeline. 

High-Altitude Gliding

 ► Glider flights at extremely high altitudes pose some significant 
technical challenges. The air in the atmosphere above around 
20,000 or 30,000 feet is so thin that a pilot or passengers would 
not survive without some external life support. 
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 ► Glider pilots venturing up to these remote regions of the 
atmosphere must wear pressure suits or fly in a special glider with 
a pressurized cabin.

 ► Another challenge: In the stratosphere—the rarefied regions 
of the atmosphere where commercial airliners fly—there is only 
about a third of the air present near the Earth’s surface. Since lift 
generation depends on having a sufficient amount of air to work 
with, the process of generating lift is much more difficult at altitude. 
It becomes a driver for the size of the wing. 

 ► The lifting force of an aircraft depends on how many air molecules 
are present, which is the density of air. It also depends on the size 
of the wing, the angle of attack, and the square of the airspeed. 



7The Science of Flight

 ► There’s a straightforward equation to express this fact: the lift 
must be equal to the product of one-half times density, times the 
square of airspeed, times wing area, times something called a lift 
coefficient. The lift coefficient goes up with angle of attack and is a 
measure of how hard the wing is working to produce lift. 

Drag

 ► The other key aerodynamic force that glider pilots and designers 
worry about is drag, which acts on the glider against the direction 
of flight. If it weren’t for drag, a glider could soar indefinitely.

 ► Drag follows the same trends as lift, since they are both 
aerodynamic forces. Drag also scales with air density, the square 
of the airspeed, the wing area, and a drag coefficient. The drag 
coefficient is a measure of how aerodynamically “clean” the glider 
is. The more streamlined and efficient the glider is, the lower its 
drag coefficient will be.

 ► For all aircraft, the key metric that defines the efficiency of flight is 
the ratio of lift to drag, which is lift divided by drag. The goal is for 
the efficiency to be as high as possible.

 ► The glide path angle is the angle of the flight path referenced 
to a horizontal plane. Glide path angle uses measurements of 
altitude and horizontal distance to determine where an airplane is 
expected to touch down based on its current trajectory. The lift-to-
drag ratio is equal to the inverse of the tangent of the glide path 
angle. This relationship describes the glide performance of an 
aircraft. For a detailed explanation, refer to the video.

 ► In order to get the best glide performance, it’s desirable to 
minimize the glide path angle. To do this, pilots and designers 
need to maximize the lift-to-drag ratio. In other words, the goal is 
more lift and less drag.
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Angle of Attack 

 ► A pilot can control the airspeed in a glide by varying the angle of 
attack. The angle of attack is defined as the angle between the 
flow direction and the aircraft’s wing. This is not the same as the 
glide path angle, which is between the flight path and the ground.

 ► A pilot can slow an aircraft down by increasing the angle of attack. 
Or, to accelerate, the angle of attack must be decreased.

 ► Even though lift is roughly constant across a range of steady flight 
speeds, the aerodynamic drag is not constant. For every airplane, 
there is actually a speed at which the drag will be minimized. With 
constant lift, the airspeed for minimum drag is the same as the 
airspeed for maximum lift-to-drag ratio. 

Aircraft Controls

 ► An aircraft has some form of control input that allows the pilot to 
control the aircraft’s pitch, roll, and yaw. 

 ► Yaw is the left-right dimension most familiar to car drivers; this 
points the nose to the left or right, and it’s called a rotation about 
the vertical axis.

 ► Roll is a more extreme version of the tipping side-to-side that is 
familiar to bicycle and motorcycle riders. On aircraft, roll is a rotation 
about the longitudinal axis, passing down the length of the fuselage. 
This banks the wings upward or downward to the left or right. 

 ► Pitch is the dimension unique to aircraft, which is rotation about an 
axis passing through the wings, which points the nose up or down. 

 ► Nearly every modern aircraft has a control stick or control yoke 
and rudder pedals. The control stick can be a side stick, such as 
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on Airbus or Cirrus aircraft, or between the legs, such as on many 
fighter aircraft. 

 ► The control yoke is most common on general aviation aircraft and 
Boeing’s commercial airliners. This is mounted on a column like 
a steering wheel that can be pushed forward and back as well as 
turned left or right.

 ► These controls are always connected to three kinds of control 
surfaces: 

 ■ Ailerons on the wing tips for roll. 

 ■ The elevator on the horizontal tail for pitching up and down.

 ■ The rudder on the vertical tail for left-right yaw. 
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 ► Each of these control surfaces is like a flap that changes the shape 
of the wing or tail to produce more or less aerodynamic force in a 
desired direction.

 ► The tail of the aircraft is also there to keep the aircraft flying 
straight in stable flight. The aircraft must return to an equilibrium 
condition after it’s been perturbed—by a wind gust, for example.

Wing Loading and Equilibrium

 ► Clearly, there are vast differences in scale between a bird, such as 
a kestrel at half a pound weight, and a commercial airliner, such 
as an Airbus A380 at 1.2 million pounds. They also travel at vastly 
different cruise speeds: 22 miles per hour for the kestrel compared 
to 561 miles per hour for the A380.

 ► A useful metric for comparing these disparate flying bodies is 
called wing loading, which is an expression for how much load the 
wing is carrying. It’s simply the weight divided by the wing area, 
which has the same units as pressure. 

 ► Wing loading is connected to speed. The faster that an aircraft 
travels, the more the lifting power is shifted from wing area to 
airspeed. Since lift remains equal to weight, faster aircraft can 
have smaller wing areas, which drives up the wing loading.

 ► There is large variation in wing loading for different flying birds and 
aircraft. For example, the half-pound kestrel—flying 22 miles per 
hour, with a wing area of 0.76 square feet—has a wing loading of 
about 0.6 pounds per square foot. 

 ► The Airbus, however, has a wing area of 9100 square feet, a 
maximum takeoff weight of 1.268 million pounds, and a cruise 
speed of 561 miles per hour. These specs give a wing loading of 
139 pounds per square foot.
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 ► For an aircraft in steady, level flight, the lift must be exactly equal 
to the weight. The thrust must be exactly equal to the drag. If 
these forces aren’t in equilibrium, then the aircraft will be climbing, 
descending, accelerating, or decelerating. When the forces are in 
equilibrium, pilots and designers refer to the condition as trim, or 
being in trim.

High-Speed Flight

 ► Additional physics come into play as aircraft start to approach 
the speed of sound. Air is compressible. Air slamming into a fast-
moving aircraft bunches up near the leading edges because it 
can’t move out of the way of the oncoming aircraft fast enough. 

 ► The Mach number, defined as the ratio of the flight speed to the 
speed of sound, is a useful parameter to determine when the 
flow becomes compressible. The Mach number of the kestrel is 
about 0.03—an extremely low Mach number, where there are no 
compressibility effects. 

 ► But the A380 cruises at Mach 0.85, where Mach effects become 
significant and begin to alter the aerodynamics. If the Mach 
number goes above 1, then flight is supersonic. Unique features 
such as shock waves form. 

 ► High-speed flight demands higher wing loading in order to keep the 
wing small and to reduce drag. However, higher wing loading drives 
up the required runway length, because an aircraft can’t fly very 
slowly with a small wing. With small wings, an aircraft has to land at 
a higher speed and requires more runway to brake to a stop. 

 ► Yet for optimum maneuverability, low wing loading is required. 
Aircraft need large wings to produce lots of lift to pull through tight 
turns in a dogfight. Fighter pilots will dump fuel overboard before 
they engage in a dogfight: They want to be as light as possible for 
air combat with maximum maneuverability!
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The 4 Forces

 ► The forces of lift, weight, thrust, and drag touch on all of the key 
sub-disciplines in the science of flight. These are: 

1. Aerodynamics. This covers the way air moves around things, 
specifically, making the lift as high as possible and drag as 
low as possible.

2. Propulsion. This involves efficiently and reliably producing 
thrust to keep the aircraft aloft, and with a power loading that 
is reasonable.

3. Structures. These involve minimizing weight, while efficiently 
holding the aircraft together with no risk of failure.

4. Stability and control. These involve dealing with rotations of 
the aircraft. This means keeping the aircraft pointed in the 
right direction, restoring equilibrium even when encountering 
a disturbance, and being able to make the aircraft go where 
the pilot wants it to go. 

Suggested Reading

Anderson, Introduction to Flight, chapters 1 and 2.
Langewiesche, Stick and Rudder.
Tennekes, The Simple Science of Flight, chapter 1.

Questions

1. What are the 4 forces acting on an aircraft in flight, and how are they 
related to one another?
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2. What are the scientific and technical challenges that make high-altitude 
glider flight so difficult?

Answers

1. The 4 forces are lift and weight acting in the vertical direction, and 
thrust and drag acting in the direction of flight. In steady, level flight the 
lift exactly equals the weight, and the thrust exactly equals the drag. In 
climbing flight, the lift exceeds the drag; in accelerating flight the thrust 
exceeds the drag.

2. Low density of air at high altitude makes lift generation difficult. Low 
air density provides very little oxygen for pilots to breathe, so pressure 
suits must be worn or a pressurized cabin must be used. Also, thermals 
from heated portions of Earth’s surface (the primary source of lift at 
lower altitudes) do not have a beneficial effect at altitudes where the 
jet stream forms (above about 30,000 feet), so mountain waves due to 
wind flowing over mountain ridge lines must be used to generate lift.
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LECTURE 

2
Balloons, Buoyancy, 
and the Atmosphere

Balloons were the first flying vehicles and humanity’s first experience of 
the flying environment. Balloons allow for a simple way to escape the 

confines of Earth. They don’t really depend on aerodynamics, and typically 
don’t have propulsion devices on board, so they are a relatively easy way 
to get off the ground. The freedom of this mode of flight, even the act of 
surrender to where the winds will take us, invites us in for a deeper look at 
the science behind balloon flight.

Buoyancy

 ► Buoyancy is the fundamental physical principle behind balloon 
flight. This is the same buoyancy that we experience when we 
float in a pool, and it’s the same buoyancy force that makes all 
ships float on water. 

 ► For a balloon, the force of buoyancy pushing up on the balloon 
is equal to the weight of the air displaced by the balloon. The 
actual net lift that pushes the balloon upward will be the difference 
between the buoyancy force and the weight of the balloon itself. 
The full weight of the balloon would include the payload, the 
material of the balloon envelope, and the weight of the gas inside 
the balloon.

 ► In order to determine the amount of buoyancy force acting on a 
balloon, all we have to do is find the weight of the air that is pushed 
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aside by the presence of the balloon. To accomplish that, we can 
measure the volume of the balloon. If we know something about 
the density of the air, then we can get the mass of the displaced air. 

 ► Density is simply a measure of how many gas molecules are 
present in a given volume; we measure it as mass per unit volume. 
Therefore, density of air times volume will give the mass of air.

 ► The mass of the air is not the same as its weight. The weight can 
be found by recognizing that Earth’s gravity pulls down on the 
mass, creating the force that we know as weight. Weight is found 
simply by multiplying mass times gravity.

 ► Pulling these ideas together, the weight of the air displaced by a 
balloon is simply the product of balloon volume, density of air, and 
gravity.

Lifting Capacity

 ► Now, let’s consider what can be done to improve the lifting capacity 
of a helium-filled balloon. What if we replace the helium inside the 
balloon with hydrogen, an even lighter gas that is twice as light  
as helium? 

 ► It’s important to realize that the lifting force of hydrogen is not 
twice that of helium; it’s only about 10 percent greater, since 
the buoyancy force is determined by the weight of air, and the 
weight of the gas inside is just offsetting the lifting capability of the 
buoyancy force.

 ► The use of hydrogen is exactly the concept behind the Hindenburg 
airship that crossed oceans in the mid-1930s. This massive airship 
measured over 800 feet long. 

 ► With a diameter of 135 feet, it had a gas capacity of over 7 million 
cubic feet, giving it a useful lift of over 22,000 pounds. That was 
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a little 
less than 
10 percent 
of the airship’s 
empty weight. Hydrogen was able to lift a 
crew of about 40, plus about 50 passengers, 
for a powered flight over the Atlantic of 76 miles per hour. Helium, 
by contrast, would have been able to carry an empty Hindenburg 
but no payload at all.

 ► Tragically, the selection of hydrogen as the lifting gas led to 
the shocking demise of the Hindenburg in 1937. As the vehicle 
was positioning to land in Lakehurst, New Jersey, something 
caused the giant airship to ignite. Fire quickly spread throughout 
the Hindenburg’s hull, fed by the highly flammable nature of  
hydrogen gas. 

Temperature, Pressure, and Density

 ► Pressure, temperature, and density vary with altitude. They are 
thermodynamic properties, meaning that they describe the energy 
state of the air, and how energy is transferred.

 ► Changes in the energy of air are part of the critical physics 
that describe how an airplane can generate lift for flight. 
Thermodynamics also governs how a rocket engine can burn fuel 
to produce thrust for liftoff.

 ► The thermodynamics of air is based on the composition of air, 
which consists of a huge number of air molecules. This collection 
of gases includes nitrogen, oxygen, and a few other small trace 
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elements. The molecules in air are not fixed in space, but are 
always in continual high-speed motion with numerous collisions all 
the time.

 ► Temperature is a measure of the energy of the air. More precisely, 
temperature is a measure of the kinetic energy of air molecules 
that are zipping around within a given volume of air. The hotter the 
air is, the more kinetic energy these molecules have and the faster 
those molecules are moving and colliding with one another. 

 ► Density is a measure of the mass of air molecules contained in a 
given volume of air. If we were to take a collection of air molecules 
and compress the volume containing them, this would lead to an 
increase of the density of that air. This is essentially what an air 
compressor does.

 ► Air pressure is a measure of how much force the air molecules 
are exerting on a surface. We express pressure as force per unit 
area. It directly results from collision of these air molecules with 
the surface. 

 ► Pressure decreases exponentially with altitude; in everyday life, 
we would say that the air is “thinner” at higher altitude. A small 
plane without a pressurized cabin, such as a Cessna Skyhawk, 
should only be operated below 12,500 feet. Beyond that, and you 
need a pressurized source of oxygen since there isn’t enough 
oxygen at those high altitudes. This lack of oxygen is termed 
hypoxia, and can have grave consequences for pilots. 

 ► With the thin air, there is less oxygen, and physiological 
functioning deteriorates. Night vision goes first, but then cognitive 
ability diminishes. Hypoxia is difficult to detect and the onset can 
be rapid. 

 ► Larger aircraft will actually pressurize the cabin in order to deliver 
enough air for the crew and passengers to avoid hypoxia. The 
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equivalent altitude to which 
the high-flying cabin is 
pressurized ranges between 
6000 and 8000 feet. On 
small aircraft, the pilot and 
passengers must wear a 
mask and get oxygen from 
a supplemental source.

Higher Altitudes

 ► Farther away from the 
Earth’s surface, the air 
becomes so thin, or 
rarefied, that it essentially 
becomes a vacuum. The 
fundamental reason that 
pressure decreases with 
increasing altitude is 
that air at higher altitudes 
has less air above it that is 
weighing down upon it.

 ► It’s helpful to think of an infinitely 
tall column of air. The lateral dimensions of the column don’t 
matter. Focus on the base of this column of air, and think of a 
small slice of limited vertical extent that gives us a box of air at the 
base of the column.

 ► The air within this box has some weight associated with it, due 
to the acceleration of gravity pulling down on the mass of air 
molecules contained within the imaginary box. This weight of air, 
then, is exerting a force on the base of this box, and the base is 
exerting a reaction force on the box of air.
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 ► Here’s the critical part: The box of air is also supporting the weight 
of all of the air above it. This force exerted on the box of air directly 
results in the pressure of air within the box. The pressure produces 
a force that supports the weight of all of the air above it.

 ► If we go up in altitude, there is less air above, so there is less 
weight that must be supported. 

 ► It’s important to recognize that even gravity decreases—very 
slightly—as altitude increases. Newton’s law of gravitational 
acceleration states that gravity is everywhere. The gravitational 
force attracting 2 bodies is proportional to the product of the 
mass of the 2 bodies and inversely proportional to the distance  
between them.

 ► This is why gravity is not a constant, but decreases ever so 
slightly as we move upward within the atmosphere. This change 
in gravitational acceleration is pretty small here on Earth, even on 
Mount Everest. 

 ► But take this example: Steve Fossett set a world altitude record 
for glider flight at 50,722 feet. If he weighed 200 pounds on Earth, 
he would lose 1 pound by the time he got up to his record altitude. 

 ► We know this from Newton’s second law, which states that 
weight is equal to the mass times the gravitational acceleration. 
Since mass remains the same, but gravitational acceleration is 
decreasing with altitude, the weight goes down.

The Hydrostatic Equation

 ► There is a formal expression for the variation of pressure with 
altitude. The expression states that a small change in pressure is 
equal to the density times the gravitational acceleration times the 
change in height.
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 ► This incredibly simple and useful relationship is called the 
hydrostatic equation: hydro, since it deals with fluids, and static, 
since the fluid is not moving. 

 ► The hydrostatic equation can be used in many ways. For example, 
the variation of pressure with altitude predicted by the hydrostatic 
equation is so reliable and consistent, that this is the most accurate 
method of measuring an airplane’s altitude. Aircraft determine their 
altitude by measuring the local pressure and converting it to height 
based on this equation. 

The Breitling Orbiter 3

 ► Flown by aeronauts Bertrand Piccard and Brian Jones, the 
Breitling Orbiter 3 was the first balloon to circumnavigate the 
globe. It did so on a flight lasting from March 1 to March 22, 1999. 
They travelled over 25,000 miles non-stop, climbing to altitudes 
exceeding 38,000 feet and achieving ground speeds as high as 
161 knots, which is 185 miles per hour. 

 ► Speeds expressed in knots may not be too familiar, but in aviation, 
this is how most speeds are reported. A knot is simply a nautical 
mile per hour, which is about 15% faster than a mile per hour. This 
is because a nautical mile is 6076 feet long, while a regular mile is 
5280 feet long. 

 ► The nautical mile has its roots in seafaring, and is formally defined 
as 1⁄60 of a degree of latitude, also known as a minute of latitude. 
Knowing that the Breitling Orbiter 3 travelled at 161 nautical miles 
per hour tells us immediately that it traveled 2 degrees and 41 
minutes of arc during 1 hour. 

 ► The balloon envelope measured a staggering 180 feet tall when 
inflated, while the pressurized capsule suspended beneath only 
measured just about 16 feet long and 7 feet in diameter. 
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 ► It was both a helium balloon and a hot air balloon. The balloon 
used helium for lift during the day, and a hot-air compartment to 
increase buoyancy at night. That 
made it possible to carry less fuel for 
hot-air adjustments. Unlike a typical 
helium balloon, it was possible to 
maintain altitude without needing to 
drop sandbags or other ballast at 
night, and without releasing helium 
in the day to come back down.

 ► To accomplish their flight, Piccard 
and Jones took shifts flying the 
balloon and sleeping while confined 
to their tiny quarters. Even though 
the capsule was heated, the crew 
had to endure temperatures that 
dipped below freezing.

 ► With the ambient pressure outside 
the capsule hovering in the vicinity 
of 3 pounds per square inch, or just 20% of sea-level pressure, 
Piccard and Jones had to artificially pressurize their cabin in order 
to have enough air to breathe.

Suggested Reading

Anderson, Introduction to Flight, chapter 3.
Gregory and Liu, Introduction to Flight Testing of Light Aircraft and UAVs, 

chapter 2 (forthcoming title).
Khoury, Airship Technology, chapter 2.
Moran, et al., Fundamentals of Engineering Thermodynamics.
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Questions

1. Explain why the buoyancy force on a helium balloon is much greater 
when it is submerged under water compared to when it is floating in air. 

2. A helium-filled party balloon is floating inside an aircraft, shortly before 
takeoff, and located halfway down the length of the cabin. What will 
happen to the balloon during the acceleration encountered during 
takeoff? Will it go to the back of the plane, stay in the same position, or 
move forward? Why?

Answers

1. The buoyancy force acting on the balloon is equal to the weight of the 
displaced fluid. Since the water displaced by the submerged balloon 
weighs much more than the same volume of air displaced by the 
balloon, the buoyancy force acting on the submerged balloon will be 
much greater.

2. The balloon will move to the front of the airplane. The air at the back of 
the cabin must support the rearward force of the air in front of it, which 
is being subjected to the acceleration of the aircraft. This leads to a 
gradient in pressure along the length of the cabin, with the air pressure 
in the back being slightly higher than the pressure in the front. So, 
there is now also a horizontal buoyancy force acting on the balloon, 
pushing it to the front of the aircraft.
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LECTURE 

3
Takeoff: How Wings 

Produce Lift

Balloons and dirigibles are lighter than air, but what about the vast 
majority of aircraft that must generate lift through ways other than 

buoyancy? The key concept is aerodynamic lift. This lecture discusses 
the fundamentals of what happens when lift is generated. Fundamentally, 
the lift force is due to a difference in air pressure acting on the surface of 
the wing. The bottom of the wing will have higher pressure than the top, 
resulting in a pressure imbalance that acts on the surface area of the wing 
to lift the aircraft up.

Pressure

 ► Pressure can be defined as force per unit area, so regions of 
relatively high pressure will produce higher force. There must 
be lower pressure on top of the wing and higher pressure on the 
bottom. What matters is the difference in pressure between the  
2 areas. 

 ► The best way to examine this idea is to look at the airflow around 
a wing section using a wind tunnel. A wing section is essentially a 
2-dimensional slice, or side view, of the wing, known as an airfoil.

 ► When an airfoil is mounted in a wind tunnel, we can inject streams 
of smoke into the flow upstream of the airfoil, allowing it to carry 
downstream and flow over the airfoil surface above and below it. 
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 ► The entering streamlines are all straight and parallel, indicating 
that the flow is of uniform velocity and undisturbed. But, as the 
flow approaches the airfoil, it senses the obstruction and must flow 
around it. The streamlines begin to diverge above and below the 
surface of the airfoil to flow around it.

 ► Flow exactly along dividing streamline will flow directly to the 
leading edge of the airfoil and stagnate there. This is called 
the stagnation point, because the flow decelerates along that 
streamline until it reaches zero velocity, right at the airfoil surface. 

 ► Streamlines above or below that stagnation streamline will flow 
around the airfoil surface to accommodate the presence of the 
body, but there’ll always be 1 streamline connected to a stagnation 
point.

 ► The pressure at this stagnation point is fairly high. Thus, we would 
prefer to have that stagnation point located on the lower surface of 
the airfoil. This will give elevated pressure from below, which will 
assist in producing lift.
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 ► The key to producing lower pressure on the upper surface is in the 
shape of the streamlines, particularly near the leading edge.

 ► Very close to the leading edge, the spacing between the 
streamlines is reduced. There is a physical principle in fluid 
dynamics called the conservation of mass that can describe what 
is happening to the airflow in this region. The main idea behind 
conservation of mass is that mass can be neither created nor can 
it be destroyed. 

The Streamtube

 ► To apply the concept of conservation of mass to this situation, we 
need to define some flow boundaries. We can think of 2 adjacent 
streamlines as boundaries across which there is no flow. 

 ► The region between 2 streamlines is a streamtube. As air 
molecules flow through the streamtube, the amount of air mass 
flowing through the streamtube must remain constant by the law of 
conservation of mass. 

 ► Since the flow is bounded by the imaginary walls of the streamtube 
(no mass enters or leaves the streamtube), the rate of mass flow 
at any point along a streamtube is the same.

 ► We can describe the rate of mass flow as the product of density, 
velocity, and cross-sectional area of the streamtube. Another 
name for this rate of mass flow is ṁ (pronounced m-dot), which is 
the time rate of change of mass. It’s really a measure of how much 
mass of air molecules is flowing through a given cross-sectional 
area of the stream tube in a given period of time.

 ► We can simplify this equation slightly by assuming that the density 
of the flow doesn’t change. That leaves us with us very simple 
equation that says the product of velocity and cross-sectional area 
in a confined stream tube must be constant. 
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Bernoulli’s Equation

 ► Bernoulli’s equation is among the most famous equations in 
aerodynamics. It says there is a tradeoff between pressure and 
velocity. Bernoulli’s equation states that the sum of the local air 
pressure plus 1⁄2 times the density times the square of the velocity, 
or (1⁄2ρV 2), must be a constant in an incompressible flow. 

 ► In the development of the Bernoulli equation, density is assumed 
constant. This directly shows that pressure and velocity are 
inversely related. The higher the velocity, the lower the pressure 
must be in order to maintain the summation constant. Or, 
conversely, lower velocity must be linked to higher pressure.

 ► Streamlines must curve and move closer together as they adapt 
to the downstream presence of the airfoil. The spacing of the 
streamlines is a direct indicator of the local pressure, allowing us 
to visually identify where the low-pressure region is on an airfoil.

Curvature

 ► The other way to explain why the pressure is lower on the 
top surface of the airfoil is by focusing on the curvature of the 
streamlines. More curvature leads to lower pressure. 

 ► Near the leading edge in particular, streamlines have a lot of 
curvature, giving a very small radius of curvature. This curvature 
of the streamlines is because the flow has to go around the airfoil 
and has adjusted to accommodate its presence. 

 ► Now picture a packet of air molecules traveling along the 
streamline negotiating this curvature. This packet of air molecules 
experiences a centrifugal force due to the concept of conservation 
of momentum. 
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 ► In order to maintain that radius of curvature, there must be a 
centripetal force to balance out the centrifugal force that would 
push the air molecules away from the center of the curvature. The 
only way to impose a balancing centripetal force on this packet of 
air molecules is through a pressure difference between the outer 
and inner sides of the packet of air molecules. The outer side must 
have higher pressure than the inner side in order for the balancing 
force to be towards the center of curvature. 

 ► The stronger the curvature of the streamlines, the lower the 
pressure ends up being at the airfoil surface. This is true wherever 
there is curvature of the streamlines.

A Fallacy

 ► A very common fallacy is often used to explain lift. The argument 
goes like this: In an attempt to explain why the velocity is higher on 
the top of the airfoil, many people resort to the equal time theory, 
also known as equal transit time. 

 ► This attempted explanation observes that the air molecules 
approaching the airfoil get split when reaching the leading edge: 
Some air molecules go above and some go below the airfoil 
surface. Moreover, in a typical airfoil shape, there is a slightly 
longer distance that the air molecules must travel over the upper 
surface compared to the lower surface. 

 ► The equal time theory mistakenly takes the correct observation of 
unequal distance to claim that the 2 packets of air molecules must 
meet up at the trailing edge at the same time. 

 ► According to this argument, because air molecules moving over 
the upper surface have a longer distance to travel, they must 
move more quickly in order to reach the trailing edge at the same 
time as those air molecules that traveled below the airfoil. 
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 ► The problem with this widely circulated explanation is that there 
is no physical reason to dictate that the air molecules from above 
and below must meet up at the trailing edge at the same time. 

 ► In fact, we can show conclusively that this does not happen. 
Pulsed smoke, where each streamline is visualized by repeated 
pulsing of smoke injected into the streamline, allows us to track 
a packet of air molecules above and below the airfoil surface. If 
the equal time theory were true, we would expect that 2 adjacent 
packets of smoke split by the leading edge of the airfoil to again 
meet up at the trailing edge. 

 ► But when we follow a packet of air molecules along the upper 
surface, we see that the flow is actually accelerated so much that 
it reaches the trailing edge much before the air molecules on the 
lower surface of the airfoil. 

 ► If the equal time theory were true, then it would be impossible 
for an airplane to fly upside down. But we routinely see aircraft 
perform this stunt at airshows, so we know that something else 
must be at work.

 ► Based on the lack of real physics, and clear experimental evidence 
to contravene this idea, the equal time theory is categorically false.

Newton’s Third Law and Lift

 ► Newton’s third law states for every action there is an equal and 
opposite reaction. This leads to some very important insights into 
the aerodynamics of a wing. 

 ► As we increase the angle of the wing with respect to the flow, the 
deflection of the streamlines increases and the lift increases. This 
angle between the axis of the airfoil and oncoming flow direction is 
termed the angle of attack. 
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 ► As the angle of attack increases, the lift increases. This is the 
single most important way that an aircraft’s lifting capability can be 
changed in flight. The pilot can pitch the nose up to increase angle 
of attack and the lift, or pitch the nose down to decrease the angle 
of attack and decrease lift.

Lift Force

 ► Lift force can be expressed as 1⁄2 times the density times the 
velocity squared times the wing area times a lift coefficient. The 
lift coefficient is a non-dimensional parameter that describes 
how much lift a wing produces. Another way of thinking about lift 
coefficient it that it is a description of how hard the wing is working 
to produce lift, or how much the wing is redirecting the streamlines 
downward. Refer to the video or glossary for further explanation.

 ► A lift coefficient can change with angle of attack. As the angle of 
attack increases, the lift coefficient also increases, up to a point.

 ► The lift equation can give us a sense of the magnitude of the 
challenge faced by the earliest adventurers who attempted 
to create wings and take flight. We can estimate the wing area 
required for flight. Based on the equation of lift, the required wing 
area is 2 times the weight, divided by the product of density, the 
square of velocity, and the lift coefficient.

 ► A 170-pound person carrying a large wing might be able to run 
at about 5 miles per hour, and a typical wing might have a lift 
coefficient of around 1, perhaps weighing around 30 pounds. 

 ► Putting these values together with standard sea level density, we 
can calculate the required wing area as over 3100 square feet. For 
this example, that would mean a wing with a 20-foot chord and a 
span of 105 feet.
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 ► If we want to get the wing smaller, 
we’d have to have a higher 
minimum speed. A 5-mile-
per-hour trot just won’t 
do. Hang glider pilots 
will take off into a stiff 
headwind, and jump off 
a cliff in order to get the 
airspeed up. 

 ► If we can count on an 
estimated minimum speed of 30 
mph, 6 times our initial guess, 
then the required wing could be 
36 times smaller since the velocity 
is squared in the lift equation. This 
gives a required wing area of only 86 
square feet, which makes for a much 
more portable wing of 6 by 14 feet. 

Suggested Reading

Anderson, Introduction to Flight, chapters 4 and 5.
———, Fundamentals of Aerodynamics.
Anderson and Eberhardt, Understanding Flight.
Babinsky, “How Do Wings Work?”
Bloor, The Enigma of the Airfoil.
McLean, Understanding Aerodynamics, chapter 7.
Smith, The Illustrated Guide to Aerodynamics, chapter 2.
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Questions

1. How can an aerobatic aircraft produce lift to sustain inverted flight?

2. By looking at the flow of streamlines (visualized by smoke) over an 
airfoil, how can you identify the location of lowest pressure?

Answers:

1. The wing of an aerobatic aircraft must be oriented at a positive angle 
with respect to the flow, in order to have a downward-directed flow of 
the streamlines. This requires the aerobatic pilot to push the control 
stick forward, which pushes the nose down from the pilot’s perspective. 
But, in inverted flight, this increases the angle of attack of the wing to a 
point where it generates lift.

2. Assume that the incoming streamlines are uniformly spaced. Under 
this condition, the point in the flow adjacent to the airfoil where the 
streamlines are most tightly spaced is the point of highest velocity due 
to conservation of mass. And, from the Bernoulli equation, the point 
where the velocity is highest will also be the point where the pressure 
is the lowest.
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Drag Trade-Offs and 
Boundary-Layer Turbulence

LECTURE 

4

The single largest expense the airlines incur is the cost of fuel. Therefore, 
airlines and aircraft manufacturers are keenly interested in reducing 

the fuel consumption of aircraft. Fuel consumption is directly related to 
the amount of thrust that the engines must produce. And the thrust of 
the airplane must directly equal its drag when it is cruising in flight. So, 
aerodynamic designers focus substantial energy on reducing drag. Drag 
is the necessary aerodynamic cost of moving a flight vehicle through the 
air—and the focus of this lecture. 

Drag’s Effects

 ► Beyond the economics of flight, aerodynamic drag also has a 
huge impact on the maximum flight speed of an aircraft. The faster 
that the aircraft flies, the more the drag goes up. In fact, the drag 
goes up with the square of velocity. 

 ► Doubling of the airspeed will increase the drag by a factor of 4. 
Furthermore, when airspeed doubles, the thrust required to 
overcome drag also goes up by a factor of 4.

 ► But what is drag, exactly? Think of the pressure you feel if you extend 
your hand through the window of your car. If your hand is inclined at 
a slight angle to the oncoming flow, lift is generated and your hand 
goes up. But if your hand is perpendicular to the flow, you’ll feel an 
intense force on your hand, pushing it back. This is drag.
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 ► This drag is a byproduct of simply moving an aircraft, or any 
object, through the air. We refer to this type of drag as parasitic 
because you can think of the drag force as being along for the 
ride, like a parasite.

 ► Parasitic drag can be broken into 2 subcomponents: skin friction 
drag and pressure drag.

Pressure Drag

 ► Pressure drag directly results from a difference in pressure acting 
on the aircraft in the direction of flight. As an aircraft moves through 
the air, there is a buildup of air molecules on the front surfaces of 
the aircraft, like the nose and the leading edge of the wing. And 
the pressure generated by these air molecules can be extremely 
substantial.
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 ► The Bernoulli equation tells us that there is a tradeoff between 
velocity and pressure. If we follow a streamline from far ahead of 
the vehicle until it reaches the leading edge, the flow along that 
streamline must slow down until the airspeed reaches zero at the 
stagnation point. 

 ► Therefore, as the air slows down along the streamline, the 
pressure must go up. This leads to the stagnation pressure being 
very high. This will typically be the highest pressure anywhere on 
the flight vehicle.

 ► In contrast to this, the pressure on the back side of the vehicle is 
much lower. Ideally, we would want the pressure to recover back 
up to as close to the stagnation pressure as possible, while still 
maintaining low pressure on top of a lifting body such as a wing.

 ► An aerodynamic designer tries to minimize pressure drag by 
getting the pressure on the back side of the vehicle to be as high 
as possible. But there is only so much that a designer can do. As 
the pressure rises on the body as we move aft, the momentum of 
the flow decreases along that pressure gradient. 

 ► Since air is driven from regions of high pressure to low pressure, 
it’s only the momentum of the flow that keeps things moving in the 
downstream direction against this increasing pressure gradient. At 
some point, the pressure gradient will be too large, and the flow 
cannot recover to the high-pressure value.

 ► What happens at this point is called flow separation, which is 
indicated by the departure of streamlines from the surface. If the 
momentum of the flow is not high enough to flow downstream 
against the rising pressure, then the flow will separate. 

 ► Flow separation then causes the pressure to plateau, and leads 
to an unsteady wake downstream of the separation point. A very 
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significant impact of flow separation is a loss of lift, due to the 
failure of the streamlines to follow the curvature of the airfoil. 

 ► When flow separation occurs near the leading edge of an airfoil, 
we refer to that condition as aerodynamic stall. 

Skin Friction Drag

 ► Skin friction drag occurs due to the friction of air molecules moving 
over the surface of the aircraft, just like the friction force of 2 
objects rubbing against one another. Skin friction is related to the 
viscosity of air. 

 ► When air flows over a wing, the motion of the air molecules 
extremely close to the surface of the wing will be slowed due to 
friction forces. Slightly above the wing’s surface, these friction 
forces do not affect the air molecules.

 ► The region of the air that is impacted by viscosity, called the 
boundary layer, is a very thin sheath of air. At the leading edge of 
the wing or fuselage, the layer has essentially zero thickness. The 
thickness of the boundary layer then grows at further downstream 
distances, until it reaches the trailing edge. 

 ► On the wing of a large commercial transport, the boundary layer 
on the wing can grow to be as much as 4 or 5 inches thick. On the 
much longer fuselage, the boundary layer can grow to be as thick 
as around 1 foot at the back end of the aircraft.

 ► We define the boundary layer edge as the point at which the 
velocity nearly reaches its undisturbed value. The mechanism by 
which the presence of the wall is communicated to the surrounding 
air is viscosity. If viscosity is increased, then the thickness of the 
boundary layer increases.
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 ► There are 2 kinds of boundary layers, and usually both types 
are present on an aircraft at the same time. The first type is the 
laminar boundary layer, which is defined as having smooth, 
parallel streamlines within the boundary layer. Each stratum within 
the boundary layer remains distinct from those above and below it.

 ► The second type of boundary layer is the turbulent boundary 
layer, which has chaotic motion of air in the near-wall region and 
increased mixing. This chaotic mixing leads to significant growth 
of the boundary layer. Laminar boundary layers can transition to 
turbulent ones.

Osborne Reynolds

 ► Once the boundary layer has become turbulent, it is generally very 
difficult to re-laminarize it. Thus, aircraft designers invest a lot of 
energy in predicting where the boundary layer transition will occur, 
and employ schemes to delay transition.

 ► A key scientist who studied laminar to turbulent transition was 
Osborne Reynolds. Reynolds set up an experiment with pipe flow, 
where he injected dye into a stream of water flowing through a small 
tube to qualitatively observe the nature of the flow within the pipe. 

 ► His work was so groundbreaking that we have a famous 
parameter in aerodynamics that’s named after Osborne Reynolds. 
The Reynolds number is a ratio of inertial forces to viscous forces, 
determining the relative importance of viscosity. 

 ► Because of this, it’s a helpful indicator of where transition is 
likely to occur. The key physical parameters that are wrapped up 
into Reynolds number are the flow velocity, a length scale, and 
viscosity. The equation for Reynolds number combines these in a 
nondimensional way with velocity and length in the numerator, and 
viscosity in the denominator.
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 ► A higher Reynolds number will generally be an indicator of 
transition to turbulence. Reynolds’ early work measuring transition 
in pipe flow indicated a transition Reynolds number of about 2000. 
If the Reynolds number is above this criterion, then the flow is 
likely turbulent, but if the Reynolds number is below that threshold, 
the flow is likely laminar.

Measures

 ► Beyond tailoring the shape of the wing or fuselage to control 
the transition location, there are a few other tricks that aircraft 
designers can play in order to maintain laminar flow for as long as 
possible. 

 ► One of these is to use suction. A series of perforated holes can be 
manufactured in the aircraft skin, with a vacuum pump installed 
underneath. This produces distributed suction all along the surface, 
which removes the boundary layer and promotes laminar flow. 

 ► This technique can offer substantial savings in viscous drag, 
but designers also have to consider the cost, complexity, and 
maintenance. The vacuum pump will require power that must 
be ultimately supplied by the engines and directly offsets any  
drag savings. 

 ► Also, the suction system will add some weight to the aircraft, which 
will result in slightly higher fuel burn. Finally, the suction holes are 
susceptible to clogging from insects or dust encountered in flight. 
Despite these challenges, natural laminar flow control techniques 
have been implemented on commercial aircraft such as on the 
Boeing 787-9.

Pressure Drag Revisited

 ► The state of the boundary layer also has a large impact on 
pressure drag by dramatically influencing where flow separation 
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will occur. A turbulent boundary layer is much more robust towards 
separation, meaning that flow will be able to follow the curvature of 
the body to a much greater extent. 

 ► This is because a turbulent boundary layer has much more 
momentum close to the surface. The high momentum close to the 
surface is the extra boost that the flow needs to fight against the 
adverse pressure gradient resulting from the curved surface.

Circular Cylinders

 ► One aerodynamic structure is the circular cylinder, which is 
dominated by pressure drag. In this flow situation, there is 
significant curvature involved and the flow cannot normally 
negotiate that strong pressure gradient all the way to the back side 
of the cylinder. Thus, the flow separates from the cylinder about 
mid-way back to the trailing edge. 

 ► The landing gear on many aircraft today is essentially a circular 
cylinder and a source of significant drag. This is why nearly 
every commercial airliner has retractable landing gear. The 
pilot will retract the landing gear shortly after takeoff, so that the 
aerodynamic drag of the landing gear won’t have an adverse 
impact on the climb performance. 

 ► However, the retraction mechanism increases the complexity, 
weight, and cost of the aircraft, and decreases the available 
internal volume for people, cargo, or fuel. Small general aviation 
airplanes of today often still have fixed landing gear, which is 
simpler and lighter. The downside is the drag penalty. 

Streamlined Wing Sections

 ► A different kind of aerodynamic body is a streamlined wing 
section. If the wing is well designed, the flow won’t separate until 
the very trailing edge of the airfoil. Thus, the pressure drag is very 
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low, because there is very little surface area in the streamwise 
direction that is subjected to the pressure difference leading to 
pressure drag. 

 ► However, the dominant source of drag on an airfoil or wing then 
becomes viscous drag, which is directly related to the surface 
area of the body and the state of the boundary layer. With most 
wings, it is advantageous to maintain laminar flow to the greatest  
extent possible.

 ► In fact, the design of laminar-flow airfoils was a significant area of 
research for the National Advisory Committee for Aeronautics, or 
NACA, which led aerodynamic research in the United States until 
NASA was founded in 1958.

 ► Researchers at the time noted that the development of pressure 
along the length of the airfoil could influence the transition 

The engineer David 
Davis’s wing design 
delayed laminar-
turbulent transition 
by moving the 
point of maximum 
thickness further 
back. It appeared 
on many aircraft, 
including the B-24 
Liberator (pictured).
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phenomena. Rising pressure would hasten transition, while 
decreasing pressure would help maintain laminar flow. 

 ► Due to these effects, a rising pressure is termed an adverse 
pressure gradient, while a decreasing pressure is a favorable 
pressure gradient.

 ► The trick was to design an airfoil that could maintain a favorable 
pressure gradient, or decreasing pressure, for as long as possible 
on the airfoil surface. Researchers shaped the airfoil such that 
there is a gradual change in pressure near the leading edge, with 
a maximum thickness that is moved aft, coinciding with a relatively 
flat portion of the airfoil that has very little pressure gradient. 

 ► The idea is to wait as long as possible along the airfoil surface to 
recover the pressure, delaying the onset of the adverse pressure 
gradient and thus delaying the transition.

Suggested Reading

Anderson, Fundamentals of Aerodynamics.
———, Introduction to Flight, chapters 4 and 5.
McLean, Understanding Aerodynamics, chapters 3, 4, and 6.
Smith, The Illustrated Guide to Aerodynamics, chapter 3.
White, Viscous Fluid Flow.

Questions

1. Since dimples on a golf ball reduce its drag, what do you think would 
happen if we put dimples on an aircraft wing? Would the drag increase 
or decrease? Why?
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2. Why do you think an airfoil has a rounded leading edge and a sharp 
trailing edge?

Answers

1. Dimples on a wing won’t be helpful at all, since the flow over a wing 
is dominated by viscous drag rather than pressure drag. Dimples 
only help on a bluff body, such as the golf ball, which is dominated 
by pressure drag. A dimpled wing surface would only increase the 
turbulence level and the viscous drag, without having any impact on 
the separation location.

2. The rounded leading edge of the wing helps the flow smoothly curve 
around the airfoil without separating, but still inducing strong curvature 
of the streamlines. The sharp trailing edge is required to minimize the 
area over which the low pressure separated area acts, and thus keep 
the pressure drag as low as possible.
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Stall Events 
and Lift-Induced Drag

LECTURE 

5

Lift and drag are always connected, and perhaps never more so than 
when a plane enters a stall. That’s what happened on a cold, winter day 

in 2009 in upstate New York in the Colgan Air 3407 crash. An accumulation 
of ice on the wings and windshield increased the aerodynamic drag and led 
to stall. This tragic event—which took the lives of 50 people—goes to show 
how important aerodynamic stall is as a flight consideration.

Flow Separation

 ► The overall impact of ice accumulation is more sluggish 
aerodynamic performance that should be counteracted by 
increasing the throttle setting on the engines. 

 ► In the case of the Colgan Air crash, the pilots did not add power 
to overcome the additional drag, and the aircraft began to 
decelerate. The autopilot, which controls the aircraft’s attitude (its 
pitch, roll, and yaw orientation), continued to pitch the aircraft to a 
higher angle of attack in order to generate enough lift to maintain 
constant altitude.

 ► Beyond a certain critical angle of attack, however, the flow 
streamlines cannot successfully negotiate the aggressive curvature 
near the leading edge of the wing, and the streamlines depart from 
the wing’s curvature. In other words, the flow separates.
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 ► The most significant consequence of flow separation over a wing 
is a dramatic loss of lift, which is called stall. Each aircraft has 
specific stall characteristics. There is a physical angle of attack 
and corresponding minimum speed at which it can fly. Any lower 
flight speed will result in a stall.

 ► This is precisely what happened in the case of the Colgan Air 
crash. The insidious factor about ice accumulation on the wings 
is that it changes the stall characteristics of the airplane, often in 
unpredictable ways that a pilot may not recognize. 

 ► Before stall, the pilot can easily increase angle of attack in order 
to increase the lift. However, beyond stall the exact opposite trend 
occurs: Further increases in angle of attack result in lower lift.

 ► Sadly, this is the mistake that the captain of the Colgan Air flight 
made: He pulled back on the control yoke, pitching the aircraft 
up as high as 19 degrees angle of attack, which is well beyond 
what any commercial airliner can handle. This high angle of attack 
made his stall condition even worse, leading to asymmetric lift on 
the wings, causing the aircraft to lose directional control and spin 
into the ground. 

 ► The proper procedure for the pilots would be to push the nose 
down, and throttle the engines to maximum speed. This condition 
would be held momentarily until a lower angle of attack and higher 
flight speed is established, which allows the wings to recover 
their benign lift-producing characteristics. Only after lift has been 
restored can the pilot pull out of the descent and recover to the 
original flight altitude.

De-Icing

 ► Why don’t we see more airplane crashes due to icing conditions? 
A number of aircraft design aspects and operational procedures 
counteract the icing problem.
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 ► Many larger jet aircraft use warm air that is bled off the 
compressors of the jet engines to circulate through ducting right 
behind the leading edge of the wing. The hot air heats the leading 
edge, melting any ice that has accumulated and preventing further 
ice accumulation in most situations. 

 ► Another tool is called a weeping wing. A large number of small holes 
are manufactured in the leading edge of the wing, and an antifreeze 
fluid is pumped through the holes and used to melt the ice.

 ► A third strategy is to use inflatable rubber boots on the leading 
edge of the wing. These rubber sleeves have air pumped into 
them. They inflate just like a balloon would. The expansion of the 
boots causes the ice to break up and shed off the surface.

 ► Each of these concepts must be tested extensively for robustness 
and certified for an aircraft to be able to fly into known icing 
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conditions.  That’s known as a FIKI certification, which stands for 
Flight Into Known Icing.

 ► These de-icing and anti-ice systems are effective at removing ice 
in flight. But in wintry conditions at airports, when an aircraft is 
covered in snow and ice before it pushes back from the gate, de-
icing routinely occurs. 

Camber

 ► Given that the lift is directly related to the turning of the flow 
streamlines, we might be able to achieve greater flow turning for 
an airfoil at a given angle by changing the curvature of the airfoil. 
The amount of curvature is referred to as the airfoil camber. A 
highly cambered airfoil (with convex curvature) will generate 
significant lift even at zero angle of attack.

 ► In contrast, a completely symmetric airfoil will produce no lift 
when it is at zero angle of attack, since there is no net downward 
deflection of the flow behind the airfoil. However, if a symmetric 
airfoil is oriented at an angle with respect to the flow, then it will 
produce lift. 

 ► Since positive and negative 
angles of attack present 
the same situation to 
the oncoming airflow, a 
symmetric airfoil can just as 
easily fly in inverted flight. 
For this reason, symmetric 
airfoils are very useful on 
aerobatic aircraft, which 
spend a significant amount 
of time in inverted flight.
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Flaps and Slats

 ► If a pilot can shift the stall angle of attack to a higher angle, they 
can fly the aircraft much more slowly. That would mean a decrease 
in the runway length required to bring the aircraft to a stop. 

 ► For example, a pilot can deploy a flap, which changes the shape of 
the airfoil to enhance flow turning, resulting in a greater downward 
deflection of the flow streamlines. Other devices, known as slats, 
can be extended from the leading edge of the airfoil to achieve the 
same purpose. 

 ► Commercial airliners use slats and flaps to actively change the 
shape of the wing on final approach to landing. By changing the 
shape of the wing, the pilots can fly the airplane with a higher lift 
coefficient. This enables a lower flight speed while still maintaining 
lift equal to weight. 

 ► The designer’s challenge, then, is to create a functional flap and slat 
system that will reliably extend and retract under all circumstances, 
will retract into an aerodynamically clean configuration for efficient 
cruise, and will provide high lift at low speeds.

 ► There are several different kinds of flaps that can be used. One 
of the simplest methods is to install a hinge in a segment of the 
wing, somewhere near the trailing edge, to allow the pilot to drop 
the last portion of the wing down at an angle. This flap design is 
most commonly found on small general aviation aircraft, due to its 
relative simplicity and low cost. 

 ► A commercial airliner, such as the Boeing 747, has a very complex 
high-lift system that allows it to have an approach speed as low 
as about 160 mph but still cruise at a top speed of over 600 mph. 
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 ► The 747 has a series of both flaps and slats, which work together 
to dramatically increase the camber of the wing. The slat is a 
strongly curved airfoil that deploys from the leading edge. 

 ► At the trailing edge of the 747’s wing, a series of flaps deploys. Each 
flap is set at a successively higher angle, allowing the flow to do a 
better job of negotiating the strong curvature without separating. 

 ► The reason these flaps aren’t permanently deployed is drag. 
These high-lift configurations not only produce a lot of lift, but they 
also have a lot of drag. Extra drag really isn’t a problem when a 
pilot is trying to slow down the aircraft on final approach, but it is a 
problem in cruise flight.

Stall Countermeasures

 ► A look at the profile of a wing reveals a substantial variation in the 
distance from leading to trailing edge, which is termed the wing 
chord. There are several reasons for this taper of the wing, and 
one of which relates to the 3-dimensional stall characteristics of 
this wing.

 ► It is really important for the wing to stall at the root, rather than at the 
tip. That’s because the aircraft has control surfaces, called ailerons, 
that are located near the wing tips, and it is critical to maintain 
attached flow over the ailerons in order to maintain roll control. 

 ► If the flow were to separate at the wingtips first, the ailerons would 
lose effectiveness in the slow, unsteady separated flow, making it 
much more difficult for the pilot to maintain control of the aircraft 
during a stall event. 

 ► Unfortunately, some of the natural aerodynamic characteristics of 
swept-back wings on most commercial airliners will naturally lead 
to stall at the wing tip first. However, aircraft designers have a few 
tricks to make sure that stall happens inboard first. 
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 ► One strategy is to twist the wing across the span, such that the 
inboard portion is permanently set at a higher angle of attack than 
the wing tip, which will lead to root stall first. 

 ► Another trick is to install stall strips at the leading edge. A stall strip 
is basically a wedge-shaped protrusion that will cause the flow to 
separate at a specific angle of attack. These strips can be placed 
at the desired inboard locations in order to force stall there first.

 ► Once stall occurs at the inboard portion of the wing, it’s also very 
important to constrain the stall to that portion of the wing and not 
let it propagate outboard. Designers can do this by installing a 
wing fence, such as what we see on the MiG 15. 

 ► This aircraft has highly swept wings, making it susceptible to 
poor stall characteristics. A very large wing fence keeps the flow 
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separation constrained to only the inboard portion of the wing. It’s 
a remarkable addition to the MiG 15.

Stall Events

 ► Stall may sound like something very dangerous, but it’s actually a 
routine maneuver that is flown often during pilot training. Moreover, 
smart pilots will often intentionally practice stalling an aircraft, just 
to make sure that the correct recovery procedure is ingrained into 
muscle memory.

 ► The key factor that will make stalls safe is altitude. A stall 
performed at an altitude of several thousand feet above the 
ground gives plenty of time to recover. A typical stall recovery can 
be easily done within just a couple hundred feet. Most stalls only 
become dangerous if they happen unexpectedly when the aircraft 
is close to the ground.

Induced Drag

 ► Induced drag occurs as a byproduct of generating lift. It only 
appears when there is a lifting surface, such as a wing.

 ► Air naturally tends to flow around the wing tip from the bottom to 
the top. This leads to a rotational motion of the air, which rolls up 
into a vortex. This is a lot like a tornado emanating from each wing 
tip region. These tornadoes of air, or tip vortices, have significant 
kinetic energy.

 ► The thrust from the engines must supply the energy that is lost to 
the tip vortices. This energy loss is drag, and we call it induced 
drag since it’s a direct result of lift.

 ► To counteract induced drag, one of the most significant tools is to 
change the distribution of lift across the span of the wing. Think of 
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lift distribution as the fractional contribution of the overall lift that is 
present at a given spanwise location. 

 ► The ideal lift distribution is elliptical shaped, with the lift tapering 
off to zero at the wing tips. This is why the Supermarine Spitfire, a 
World War II fighter aircraft, was built with an elliptical-shaped wing. 
With this elliptical lift distribution, the induced drag was minimized.

 ► Additionally, long, slender wings will have much lower induced drag 
than short, stubby wings (for a given wing area). We describe the 
amount of slenderness of the wing by defining an aspect ratio, 
which is the square of the wingspan divided by the wing area (for a 
rectangular wing, this would simply be span divided by chord). High 
aspect ratio will result in lower induced drag. A good example of a 
high-aspect-ratio wing is found on the U-2, a famous spy plane. 

 ► Another tool for reduced induced drag is a winglet. These are 
the vertical fins seen on many modern commercial airliners. The 
winglet alters the distribution of lift across the wing, but without 
having to increase the wingspan. 

Suggested Reading

Abbott and von Doenhoff, Theory of Wing Sections.
Anderson, Introduction to Flight, chapter 5.
———, Fundamentals of Aerodynamics.
Anderson and Eberhardt, Understanding Flight.
McLean, Understanding Aerodynamics, chapter 8.
Van Dyke, An Album of Fluid Motion.



51The Science of Flight

Question

1. On most aircraft, there are built-in flaps that reduce the stall speed 
when deployed. These flaps can be adjusted to different flap settings 
with different amounts of flap deflection. For example, an aircraft may 
use 15 degrees of flap deflection for takeoff, but 40 degrees for landing. 
Why do you think pilots use flaps in this way?

Answer

1. For takeoff, the pilot needs an increased lift coefficient in order to 
decrease the stall speed and reduce the speed at which the aircraft will 
lift off the ground. This results in reduced runway length. However, the 
pilot won’t select maximum flap deflection, since large flap deflection 
would produce a substantial drag increase and would impede 
acceleration up to cruise conditions. So, only moderate flap deflection 
is used for takeoff. For landing, however, the pilot wishes to have the 
lowest reasonable approach speed, which is set by the stall speed. 
Since drag is not a concern on final approach to landing, the maximum 
flap setting is often used.
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Wind Tunnels 
and Predicting Aerodynamics

LECTURE 

6

In 1927, the U.S. aeronautical industry faced a huge problem. Their 
aircraft, which were powered by large, air-cooled engines, had a lot of 

drag. The engines required sufficient airflow over the cylinder heads in 
order to provide adequate heat removal, but the drag penalty was high. The 
result of this drag penalty was a limitation in the maximum flight speeds that 
they could achieve. So, the industry leaders turned to the National Advisory 
Committee on Aeronautics, or NACA, for help. Over the next few years, 
NACA solved this drag problem, with stunning results. NACA researchers 
used both analytical theory and wind tunnel testing to tackle the problem. 
This lecture takes a look at work like NACA performed.

Wind Tunnels

 ► There are 3 basic categories of prediction tools that we can use to 
predict the performance of a particular design: analytical prediction, 
wind tunnel experiments, and computational simulations. The best 
approach turns out to be a combination of all 3. But it isn’t until 
an actual flight test that a design is proven out, since flight tests 
generate critical data that is used to refine scientific understanding 
and design tools.

 ► The pitot-static probe is an extremely useful tool for measuring 
flow velocity at a point within a wind tunnel. The pitot tube, for 
measuring tunnel velocity, is constructed such that dynamic 
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pressure can be found from the difference between total pressure 
and the static pressure. 

 ► Total pressure is measured at the very front tip of the pitot 
probe, where the flow locally stagnates. And if we measure 
the static pressure and temperature of the air, we can find the 
value of density using the ideal gas law. That gives everything 
in the Bernoulli equation except for velocity, which can now be  
solved for. 

 ► In a wind tunnel, researchers can connect tubing for measurements 
of the total pressure and the static pressure to either side of 
a U-tube manometer. The manometer will then measure the 
difference between total and static pressure, which is the dynamic 
pressure, by indicating a change in height of the water inside.

Netwon’s Second Law

 ► The Bernoulli equation is connected to Newton’s second law, 
which states that force is equal to mass times acceleration. 
A pressure difference acting across a fluid element—a small, 
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imaginary “chunk” of fluid called a control volume—provides a 
driving force on that control volume. 

 ► If the pressure on the back side of the fluid element is higher than 
the pressure on the front, there is a positive force that pushes the 
fluid element forward. From Newton’s second law, this push must 
result in a positive acceleration of the fluid, which is represented 
in the velocity term of the Bernoulli equation. So, the result of a 
positive acceleration is an increase in velocity.

 ► A more general expression of Newton’s second law states that 
force is equal to the time rate of change of momentum, where 
momentum is the product of mass and velocity. 

 ► Conservation of momentum is at the core of the famous Navier-
Stokes equations for fluid flow. This set of equations, one for each 
dimension, was developed independently by Claude-Louis Navier 
and George Stokes in the 1800s. They describe the principle of 
conservation of momentum applied to fluid flow. Refer to the video 
for a detailed explanation. Any aerodynamic phenomenon can be 
described by the Navier-Stokes equations. 

Conservation of Mass

 ► What if we want to find the flow velocity at inaccessible locations 
within our wind tunnel? For this, we’ll turn to the conservation of 
mass: the idea that mass can neither be created nor destroyed.

 ► The amount of mass flowing into the wind tunnel per unit time is 
equal to the density of air times the cross-sectional area of the wind 
tunnel times the average velocity across the cross-section area. 

 ► Density is mass per unit volume, and the product of cross-sectional 
area with velocity gives volume per unit time. The entire product of 
density, area, and velocity is mass per unit time.
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 ► So, the mass flow rate entering the tunnel must equal the mass 
flow rate leaving the tunnel, since we don’t have any change of 
mass within the wind tunnel. This directly leads to a very helpful 
equation in aerodynamics, where the product of density, cross-
sectional area, and velocity is a constant at any point within a wind 
tunnel. Velocity goes up when the cross-sectional area goes down. 

Conservation of Energy

 ► The principle of conservation of energy states that energy cannot 
be created, nor can it be destroyed.

 ► One important relationship uniquely resulting from the conservation 
of energy is the so-called energy equation. Before discussing the 
energy equation, we need to define one important parameter: the 
specific heat, which is abbreviated Cp. It’s basically a measure of 
the heat-carrying capacity of air and is a constant property over a 
wide range of conditions. 

 ► The energy equation states that the product of 1⁄2 times the square 
of the velocity, plus Cp times the temperature is a constant:  
(CpT+V 2 ⁄ 2=constant). The value of this constant is referred to as 
the total temperature, or the stagnation temperature.

 ► This is relevant to an aircraft travelling at high speed. The airflow 
relative to the aircraft has a temperature equal to the ambient 
temperature and a very high kinetic energy due to the high flight 
speed. As that high-speed flow approaches the stagnation point 
on the leading edge of the wing, it decelerates. 

 ► Based on the energy equation, the temperature of the decelerating 
flow must increase. Thus, when the flow reaches the leading edge 
and completely stagnates, the temperature reaches the stagnation 
temperature, which can be quite hot.
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Analytical Tools

 ► Analytical tools were some of the earliest approaches used to 
estimate the lift produced by an aircraft. One analytical tool was 
developed in the early 1900s by researchers in Germany. Led by a 
distinguished scientist named Ludwig Prandtl, they came up with a 
description of lift based on a bound vortex on the wing, called the 
lifting-line theory. 

 ► They basically came up with a way to model the induced 
downwash of the flow over the wing and the strength of the tip 
vortices. Imagine a horseshoe-shaped vortex filament extending 
along the span of the wing and trailing from each wingtip and 
extending downstream to infinity. This was successful in describing 
the amount of lift generated by a wing, and is still used today for 
first-order analysis.

 ► In the 1930s, a scientist named Theodore 
Theodorsen, working for NACA’s Langley 
Memorial Aeronautical Laboratory, developed 
a technique for predicting the pressure 
distribution and lift on any airfoil, knowing only 
a description of the geometry. 

Wind Tunnels

 ► While accurate analytical tools have 
been successful in predicting lift, there are a huge number of 
assumptions that must be made, and these are always a limitation 
of a purely analytical approach. Therefore, from the early days 
of aeronautical engineering, careful experimentation has been a 
hallmark of engineering practice. 

 ► The earliest attempts at creating experimental facilities for 
aerodynamic testing were focused on the development of a 
whirling arm. It was relatively straightforward to mount a model on 

Theodore Theodorsen
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a whirling arm, spin it around, and measure the amount of lift. In 
many cases, the technique was to indirectly measure the amount 
of deflection of the arm in the vertical direction. 

 ► The Wright brothers were actually some of the first engineers to 
develop and use a wind tunnel in a systematic manner for their 
design work. The main idea of a wind tunnel is that it uses some 
energy source, such as a fan, connected to a motor to accelerate 
the flow through a channel. 

 ► The area of the wind tunnel varies throughout in order to 
accelerate the flow. The test section will be the point of lowest 
area, so the airspeed there can be the highest. And, downstream 
of the test section, a diffuser with gradually expanding area is used 
to efficiently decelerate the flow before exhausting it into the room.

 ► The Wright brothers used their own thoughtfully designed wind 
tunnel to test various airfoil shapes that they were considering at 
that time. Their wind tunnel had 2 big limitations, though:

1. It was limited to 2-dimensional airfoil shapes, mounted 
between the two end walls.

2. It was a low-Reynolds-number tunnel.

 ► The 2-dimensional limitations were overcome by Gustave 
Eiffel. Eiffel built a much larger wind tunnel in 1912, which 
afforded sufficient space in the test section to accommodate full 
3-dimensional models to be tested. 

 ► The second limitation is common to both the Wrights’ wind tunnel 
and to Eiffel’s. It turns out that thin airfoils perform better than 
thick airfoils at low Reynolds numbers due to flow separation 
characteristics, but at aircraft scales, a thicker airfoil is a much 
better choice. 
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 ► Interestingly, the use of small wind tunnels drove the design of 
airplanes in a non-optimum direction. Initial aircraft designs relied 
upon thin wings, while a much better solution would have been 
thick wings.

 ► It wasn’t until 1923, when the National Advisory Committee on 
Aeronautics commissioned a special-purpose wind tunnel at 
Langley Aeronautical Lab in Virginia, that researchers could 
replicate the Reynolds number encountered in flight for aircraft 
of that time. They tested hundreds of these airfoil shapes and 
gradually built up an understanding of the impact of various design 
parameters on the lift production.

Numerical Simulation

 ► The third approach to predicting the aerodynamic characteristics 
of a flight vehicle involves numerical simulation. There are a 
number of approaches available to researchers and engineers, 
with varying levels of fidelity. Most often, there is a tradeoff 
between computational cost (measured in time, or CPU hours) 
and the fidelity of the simulation.

 ► First-order simulations of the flight vehicle aerodynamics can be 
done on modern computers in a blink of an eye. These simplest 
tools are very closely related to Prandtl’s lifting-line theory, with 
the computer solving the flow field resulting from a large system of 
bound vortices. These methods are called panel codes, where the 
flight vehicle’s surface is segmented into panels, with each panel 
having a bound vortex associated with it. 

 ► When more fidelity is needed, designers can use computational 
fluid dynamics, commonly known as CFD. The basis of CFD is 
numerical simulation of the 3 conservation equations (which are 
coupled), using the ideal gas law as a closure equation to make 
the system of equations tractable. 
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 ► The solution domain represents the area of flow around the flight 
vehicle, and is broken up into a huge number of grid points. At 
each grid point, and for each step in time for the solution, all of the 
conservation equations are solved simultaneously. 

NACA

 ► NACA built the Propeller Research Tunnel specifically to study 
issues like drag resulting from air cooling of radial engines. NACA 
researchers immediately went to work, pursuing a systematic 
study of various cowlings that could be used to optimally direct the 
airflow around the cylinders. 

 ► After about a year of effort, they came up with some stunning 
results. They found a 59% reduction in drag with one of their 
cowling designs. A few years following the wind tunnel studies, the 
theoretician Theodorsen provided an analytical standpoint for the 
low-drag performance of the NACA cowling.

 ► Spurred on by these amazing results, NACA installed the cowling 
on a Curtiss AT-5A and performed flight tests. Whereas the AT-5A 
in its baseline configuration had a top speed of 118 miles per hour, 
with the new NACA cowling, they hit a top speed of 137 miles per 
hour—a 16% increase in max speed. 

Suggested Reading

Barlow, Rae, and Pope, Low-Speed Wind Tunnel Testing.
Cummings, et al., Applied Computational Aerodynamics.
Drela, Flight Vehicle Aerodynamics.
Gregory and Liu, Introduction to Flight Testing of Light Aircraft and UAVs 

(forthcoming title).
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NASA Glenn Research Center Education Office, Beginner’s Guide to 
Aeronautics.

Smith, The Illustrated Guide to Aerodynamics, chapter 9.

Question

1. Some wind tunnels, such as the one used in demonstrations for this 
course, are called open return, where the flow is drawn in from one 
side of the tunnel and exits the back side. Other wind tunnels, referred 
to as closed-return designs, have a continuous (closed) circuit. What 
are the advantages and disadvantages of a closed-return wind tunnel 
relative to an open-return configuration?

Answer

1. The closed-return wind tunnel will have lower energy costs, since the 
motor only has to keep the flow moving. The open-return wind tunnel 
requires more energy to accelerate the flow from a rest up to the 
required flow speed. However, the closed-return wind tunnel will have 
a flow temperature that rises over time due to friction and heat from 
the motor being added to the flow. A heat exchanger must be added in 
order to control the temperature.
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LECTURE 

7
Propeller Aircraft: 
Slow and Efficient

The entire idea behind propulsion systems is to produce the force needed 
to move the aircraft through the air, overcoming aerodynamic drag 

in the process. In modern aviation, there are 2 main types of propulsion 
systems in use: propeller-driven airplanes, powered by an internal 
combustion engine, and jet-driven aircraft, powered by turbojet engines or 
turbofan engines. We’ll focus on propeller aircraft in this lecture, and turn to 
jet engines in the next lecture.

Combustion Engines

 ► Combustion engines operate to produce power, and propellers 
transmit that power to the air. The central function of an internal 
combustion engine is to convert the chemical energy stored in fuel 
to mechanical energy in the form of rotating shaft. 

 ► The substantial amount of energy stored in fossil fuels is released 
by burning the fuel in the combustion event. That energy is then 
used to push a piston sliding within a cylinder, which then rotates 
the crankshaft. 

 ► Aircraft engines will have a number of cylinders arranged such 
that each piston is connected to the crankshaft. The firing of 
cylinders is timed such that the combustion events are spread 
evenly throughout a complete rotation of the shaft. 
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 ► The arrangement of the cylinders can be in an array around the 
perimeter of the engine; this is called the radial configuration. They 
can all be in a single line for the in-line configuration. Or, they 
can be in a V-configuration, with 2 rows of cylinders arranged in  
a V-shape.

 ► A prominent example of a combustion engine is the 4-stroke 
engine. The first stroke of the piston is the intake stroke, in which 
valves open to allow fuel and air into the cylinder. Next comes 
the compression stroke, which compresses the fuel-air mixture 
by decreasing the cylinder’s volume. At the conclusion of the 
compression stroke, the spark plug ignites the fuel-air mixture.

 ► The third part of the cycle is called the power stroke, which is 
when all of the energy from the combustion event is used to force 
the piston downward, increasing the volume of the mixture. The 
energy from the combustion event is transmitted to rotation of the 
crankshaft by the piston and its connecting rods. 

 ► Following the conclusion of the power stroke, the fourth and final 
stroke initiates when the cylinder is at the bottom of its stroke. 
A second set of valves opens, allowing the byproducts of the 
combustion event to be exhausted from the cylinder. The piston 
moves upward, pushing the combustion products out of the 
cylinder through the exhaust manifold. This is the exhaust stroke.

 ► A plot of the pressure versus the volume of the contents within the 
cylinder is called the P-V diagram. A P-V diagram can tell us some 
important things about how the engine performs. Power is defined 
as work per unit time. And mechanical work is equal to the force 
times the distance that the object is moved. 

 ► To maximize power output, we need to maximize the force applied 
to the piston and the distance that the piston moves, while doing 
that within a minimal amount of time.
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 ► Before the ignition event, during the compression stroke, the 
pressure and temperature increase because the movement of the 
piston is adding energy to the air. Following the ignition, the air in 
the cylinder does a lot of work on the piston, with a net positive 
work output. 

Ambient Pressure

 ► The pressure that the engine can supply to the cylinder is directly 
related to the ambient air pressure. The power that can be produced 
by an engine diminishes as an aircraft climbs to higher altitude. 

 ► In the early days of aviation, this quickly became a limiting factor 
on the maximum altitude of an aircraft. At heights above about 
18,000 to 20,000 feet, there simply wasn’t enough air to support 
the combustion event, and the power dropped off substantially. 

 ► But superchargers and turbochargers can counteract this problem. 
These devices boost the pressure and density of air delivered to 
the intake valve with a compressor. 

 ► The compressor of a supercharger is directly driven from the 
engine itself, which decreases the efficiency of the engine 
somewhat. The compressor of a turbocharger, on the other hand, 
is driven by energy that would otherwise be wasted in the exhaust 
gases. Thus, a turbocharger is slightly more efficient, but suffers 
from some delay in an accelerating maneuver.

Cooling Engines and Spark Plugs

 ► The combustion events produce a significant amount of heat, 
which is directly transferred from the combustion gases to the 
cylinder walls. This heat must be effectively removed from the 
engine in order to prevent warping of the cylinder head and 
ultimate destruction of the engine.
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 ► Two key cooling techniques are convective cooling via air flow over 
the cylinders, or liquid cooling via circulation of coolant around the 
cylinder heads. 

 ■ Engine designs in the earliest days of aviation pivoted to air 
cooling, which involves direct airflow over fins mounted on the 
cylinders. In order to maximize flow of air over the cylinders, 
the radial engine was invented, where each cylinder was 
equally exposed to the oncoming flow. However, air-cooled 
engines had the limitation of limited cooling when the aircraft 
was on the ground or in low speed flight.

 ■ This frustration led to the ingenious development of the rotary 
engine, which rotates the entire engine around the crankshaft. 
This afforded the advantage of continuous movement of the 
cylinders relative to the surrounding air, resulting in air cooling 
even when the aircraft was stationary on the ground. 

 ► Liquid cooling is the other major method for removing waste 
heat from the combustion process. The huge advantage of liquid 
cooled engines is that air flow over the engine block is not required 
for cooling. This allows for effective cooling, no matter the speed. 

 ■ Furthermore, the cylinders can more easily be arranged in-line, 
without worrying about maintaining undisturbed airflow over 
subsequent cylinders. A long arrangement of in-line cylinders 
produces a much more slender engine block, which allows the 
aircraft fuselage to be more streamlined with less drag.

 ■ For this reason, liquid-cooled engines were very popular with 
military aircraft designers, where speed was of paramount 
importance. 

 ► Unlike car engines, which distribute power to the spark plugs via 
the car’s electrical system, an aircraft can operate with absolutely 
no electrical power on board. This is done through the use of 
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ignition magnetos, which generate pulses of high voltage by 
the rotation of permanent magnets. The magnetos will produce 
electrical pulses needed to fire the spark plugs as long as the 
engine is rotating. 

The Propeller

 ► Once horsepower is generated at the shaft of the engine, the 
propeller transmits that power to the flow to move the aircraft 
forward. We can think of the propeller as simply a rotating wing, 
composed of a series of airfoils that produce lift. 

 ► Since the airfoils are rotating about the longitudinal axis of the 
aircraft, the net lift force produced by the propeller results in thrust 
that is oriented in the direction of flight. It may seem like a simple 
concept, but there is some nuance to how a propeller is designed 
and operated.

 ► Propellers have a significant twist of the blade from the root to 
the tip. The efficiency of the propeller depends significantly on the 
forward flight speed and the rotational speed of the propeller. Even 
though there are efficiency problems at off-optimal conditions, 
there is a way of working around that. 

The Rolls Royce R is a V-12 
supercharged, liquidcooled 
engine with 2530 horsepower. In 
1931, it powered a Supermarine 
S.6B aircraft to claim the 
Schneider Trophy for the fastest 
seaplane, clocking in at 340 mph.
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 ► Each cross-section of a propeller blade is an individual airfoil. 
However, the velocity seen by the airfoil has some significant 
differences from what is seen by the wing. Since the propeller is 
rotating, the net velocity at the airfoil section is a combination of 
the aircraft’s velocity with the tangential speed of the propeller at 
that spanwise location. 

 ► This tangential speed is the angular speed times the local radius. 
For locations on the propeller blade that are very close to the hub, 
the tangential speed is very low since the radius is small. However, 
at the propeller tip, the tangential speed is at its highest since 
the radius is at the maximum extent. This spanwise variation in 
tangential speed has a significant impact on the propeller’s design.

 ► At the blade root, where the angle with respect to the plane is so 
high, the blade must be pitched to a very high angle in order to 
get a reasonable angle of attack. As the location along the span 
is increased, the flow angle decreases and the blade pitch angle 
must be reduced in order to maintain this same appropriate angle 
of attack. 

Efficiency of a Propeller

 ► We can define efficiency of a propeller as the ratio of the power 
supplied to the flow, divided by the shaft power produced by the 
engine. For a well-designed propeller operating near optimum 
conditions, the efficiency can be near 85%.

 ► There is an optimum flight condition where the efficiency of 
the propeller is maximized. In order to effectively describe this 
optimum condition, we need to introduce a non-dimensional 
parameter that is a ratio of how far the propeller moves forward 
divided by how far the propeller rotates around its radius. 
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 ► This parameter, termed the advance ratio, is determined as a ratio 
of the aircraft flight speed divided by the product of the rotational 
speed and the diameter of the propeller. At low advance ratios, the 
flight speed of the aircraft is very low relative to the prop rotational 
speed, while at high advance ratios, the flight speed is high relative 
to the rotational speed.

 ► When the advance ratio is zero, the forward flight speed is zero, 
so no thrust is produced and the efficiency is zero. As flight speed 
goes up, the angle of the relative velocity vector goes down, the 
angle of attack decreases, and the flow angle approaches the 
optimum angle across the span of the blade. 

 ► At the peak efficiency, a well-designed blade will have optimum 
angle of attack across the span of the blade, where the maximum 
amount of lift is being produced by each airfoil section.

 ► Clearly, there is an optimum advance ratio that should be followed 
for a fixed-pitch propeller. However, it’s not very easy to change 
the rotation speed of the propeller without changing the power 
output of the engine. 

 ► Most propellers are directly mounted to the crankshaft without any 
gearing, due to the simplicity of this setup. So, the power needs of 
the aircraft dictate the revolutions per minute, which dictates the 
advance ratio. If the aircraft operates over a wide velocity range, 
then the advance ratio will also vary across a wide range, and the 
propeller efficiency will be sub-optimal over a wide range of the 
aircraft’s operating conditions.

 ► This problem led to the variable-pitch propeller, which reached 
maturity in the 1930s. This development enabled much higher 
flight speeds by allowing the pitch of the propeller to be controlled 
to match optimum conditions throughout the flight envelope. 
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Suggested Reading

Anderson, Introduction to Flight, chapter 9.
Smith, The Illustrated Guide to Aerodynamics, chapter 4.

Questions

1. Since higher efficiency results from the propeller acting on a larger 
mass of air, why don’t designers push the propeller diameter to ever-
greater lengths?

2. Why is the term airscrew inappropriate for a propeller?
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Answers

1. Larger propellers would incur greater risk of a prop strike against the 
ground. Also, the larger the propeller is, for a given engine rotational 
speed, the higher the tip speed will be. As the propeller diameter 
grows, the tip speed could easily approach sonic speeds, where the 
drag due to compressibility effects would dramatically increase. 

2. A screw works its way through a solid material by applying a contact 
force on the material and advancing in proportion to the pitch of the 
screw. Air, however, is not a solid material, so the propeller is not 
able to create a contact force to push itself through the air. Instead, 
it creates an aerodynamic force (lift) on each propeller blade that is 
oriented to pull the propeller and aircraft through the air.
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Jet Aircraft: Thrust to Fly Fast
LECTURE 

8

During the World War II era, there was a marked push to go ever faster 
with new aircraft designs. However, the conventional propulsion 

systems of the day were running into limitations. One of the key 
problems was the development of very high drag on the propeller due to 
compressibility effects. The local Mach number experienced at the tips of 
the propellers was well beyond sonic conditions, leading to the formation 
of shock waves on the blades and strong increases in drag. This led to 
increased torque and power requirements for the engines driving the 
propellers, ultimately leading to performance limitations on the aircraft. This 
situation was the context for development of a new technology that could 
drive aircraft even faster: the jet engine.

Invention of the Jet Engine

 ► The invention of the jet engine is an interesting story from the 
early days of World War II. Remarkably, both the British and the 
Germans independently and nearly simultaneously conceived it 
during the war. 

 ► The initial idea for the jet engine was conceived by Frank Whittle 
of Britain in the late 1920s, leading to a patent filing in 1930 for 
the idea. However, the British Air Ministry expressed no interest in 
Whittle’s idea, and Whittle subsequently became engrossed with 
other duties in the Royal Air Force. 
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 ► It wasn’t until 1936 that some investors agreed to work with 
Whittle to form a new company, Power Jets Ltd., for jet engine 
development. Finally, in April 1937, they achieved a successful 
test of an engine with liquid fuel. 

 ► A progression of work then led to the development of a practical jet 
engine, which was used on an experimental aircraft, the Gloster 
E.28/39. This aircraft first flew on May 15, 1941. It took some time, 
however, before senior military officials recognized the significance 
of this development. 

 ► Meanwhile, the Germans had flown a prototype jet aircraft almost 
2 years before the first flight of the Gloster/Whittle prototype. While 
Whittle’s idea was lying dormant between 1930 and 1936, a young 
German physicist named Hans von Ohain independently came up 
with the same idea. 

 ► Unaware of Whittle’s patent, he applied for his own German patent 
in 1936. He then approached Ernst Heinkel of the Heinkel aircraft 
company. The visionary Heinkel embraced von Ohain’s concept 
and provided support for the development of his jet engine. 

 ► This extended development work resulted in a benchtop prototype 
that was powered by hydrogen. Based on this success, von Ohain 
worked with a team of Heinkel’s engineers to build a functioning 
engine, resulting in a prototype that produced 1000 pounds  
of thrust. 

 ► They integrated their new engine into a custom-designed aircraft, 
the Heinkel He 178. On August 27, 1939, the German pilot Erich 
Warsitz piloted the first flight of a jet aircraft in the world.

 ► This event spawned a new era: the jet age. The jet engine radically 
transformed aviation and is probably the single most important 
milestone in aircraft technology development in the first 100 years 
of flight. The jet engine enables much higher cruise speeds for 
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aircraft, powering everything from the Boeing 707 to the Boeing 
787. Modern air travel as we know it today would not exist without 
the jet engine.

Operation of a Jet Engine

 ► Fundamentally, a jet engine takes the energy from burning fuel and 
produces high pressure inside the engine. The difference between 
this high pressure inside the engine and ambient pressure outside 
produces a net force in the direction of flight. A high-velocity jet of 
air is exhausted out the back.

 ► Coming from these concepts is a simplified form of the thrust 
equation, derived with a few simplifying assumptions. This 
equation indicates that the force produced by a jet engine is equal 
to the mass flow rate through the engine times the difference in 
velocity between the exit and the inlet.

 ► This equation comes from applying Newtonian mechanics to a 
control volume representing the jet engine, and recognizing that, 
fundamentally, the jet produces high pressure that leads to thrust.

 ► Both Newton’s second law, (force is equal to the time rate 
of change of momentum), and Newton’s third law, (for every 
action there is an equal and opposite reaction), are used in this 
derivation. Keep in mind that mass flow rate can be expressed as 
the product of density, velocity, and cross-sectional area.

 ► We can also re-write the thrust equation by expanding out the 
mass flow term. We can neglect the contribution of the inlet 
velocity if it’s small relative to the jet exit velocity. The thrust of a jet 
engine is equal to the product of density, the square of the jet exit 
velocity, and the exit area.
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 ► The thrust equation clearly shows us that there are 2 ways to 
produce high thrust:

1. We can pass large amounts of mass flow through the engine.

2. We can accelerate the flow to much higher velocity.

Turbojets, Turboprops, and Turbofans 

 ► The main principle of the turbojet engine is to accelerate the 
flow to very high velocity. The very high thrust level that can be 
achieved by turbojet engines has led to their implementation on 
many high-speed fighter aircraft. The Messerschmitt Me 262A was 
the first production jet aircraft. 

 ► However, production of a high-velocity jet has inherent inefficiency 
associated with the acceleration process. The jet exhaust results 
in high kinetic energy, which remains in the wake and is ultimately 
dissipated as heat in the atmosphere. That means there is a lot of 
wasted energy through the process of a high-velocity jet.

 ► Instead, for a given amount of thrust, it’s much more efficient to 
work with very large mass flow rates, but to accelerate that large 
mass flow by a smaller velocity increment. Thus, there is less 
wasted energy, and the thrust goal is still met.

 ► Comparing the turbojet engine with a piston-powered propeller 
shows the significant drawbacks to each. The jet engine suffers 
from inefficiency resulting from wasted energy in the high-speed 
jet. On the other hand, the propeller suffers from high drag as the 
flight speed and tip Mach number goes up.

 ► But an effective merger of the 2 technologies results in efficient 
engines that operate at high speeds. The first of these concepts is 
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the turboprop, which essentially takes a jet engine and matches it 
to a propeller. 

 ► The other compromise solution to achieve better efficiency is the 
turbofan engine. This configuration is based on the traditional 
turbojet, but with a large shrouded fan installed at the front before 
the compressor. 

 ► A turbofan achieves much greater efficiency than the turbojet by 
accelerating a large mass of air to a lower velocity. The majority 
of the flow exiting the turbofan simply exhausts straight out of the 
engine; this is called bypass flow. 

 ► Meanwhile, the portion of the flow that flows through the 
compressor and the remainder of the engine is core flow. We can 
describe the relative amount of flow between the bypass duct and 
the engine core by defining the bypass ratio, which is the mass 
flow of air through the bypass duct divided by the mass flow of air 
through the core. 
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 ► Higher bypass ratio engines are generally more efficient: While 
a typical turbojet engine might burn 1 pound of fuel per hour for 
every pound of thrust, an equivalent turbofan engine might burn 
about half that fuel rate.

 ► This efficiency advantage makes the turbofan the most popular 
propulsion system flying on aircraft today. Just about every 
commercial jet in service today flies with turbofan engines.

Turbofan Operation

 ► The fan is generally the most visible component of the turbofan 
engine, when viewed from the front. The design of the blades is 
highly complex, dictated by optimizing pressure rise at all operating 
conditions while minimizing the noise produced by the fan. 

 ► A portion of the flow exiting the fan passes into the compressor. 
The main function of the compressor is to increase the pressure 
of the air in order to deliver a huge mass of air to mix with fuel  
for combustion. 

 ► Modern jet engines have a very high compressor pressure ratio, 
approaching a 30-fold increase in pressure. This is done by 
cascading multiple stages, with each stage doing a much smaller 
amount of compression work. A compressor can have well over 
10 or even 20 stages. The reason for multiple stages is that they 
can perform the compression more efficiently than a single stage 
attempting to achieve the same pressure ratio.

 ► The downside of multiple compression stages is increased weight, 
however, since each stage is comprised of a rotating disk paired 
with a stationary set of vanes. The stationary vanes, known as 
stators, serve to condition and direct the flow for optimal alignment 
with the following stage. 
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 ► In an axial configuration, the flow predominantly follows a path 
that is parallel to the longitudinal axis of the engine. However, in 
the earliest configurations of the jet engine, including in Whittle’s 
original design, the compressor was of the centrifugal type. 

 ► In the centrifugal configuration, the compressor spins the air 
molecules radially outward, accelerating and then compressing 
the flow through a diffuser. Centrifugal compressors are still in 
use on some engines, but the axial-flow compressor is generally  
more efficient.

 ► Once the flow has been compressed to very high pressures and 
temperatures, it enters the combustor. Here, a portion of the flow—
less than half—is mixed with fuel and burned. This dramatically 
increases the energy content of the flow. The remaining air passing 
through the combustor is for mixing with the combustion products. 

 ► The flow moves into the turbine section of the engine with 
extremely high temperature. The primary function of the turbine 
is to extract energy from the flow to drive the compressor and fan. 
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 ► Since the compressor is typically divided into 2 sections that 
rotate at different speeds, the turbine must also be broken up into 
2 sections. The high-pressure turbine is first, which is connected 
to the high-pressure compressor by a shaft. The low-pressure 
compressor and turbine are also connected by a separate, 
concentric shaft rotating at the lower speed. 

 ► The last section of the engine is the nozzle. This component 
accepts the high temperature flow from the turbine exit and 
accelerates it to the exit velocity of the jet. 

 ► One other possible component is the afterburner, which is found 
mostly on military engines and sometimes on civilian engines. The 
afterburner, if present, is mounted between the turbine and the 
exhaust nozzle and serves to dramatically increase the thrust of 
the engine. 

 ► The trick is simply dumping fuel into the hot flow exiting the turbine, 
and burning the added fuel. This results in a significant increase in 
the energy of the flow, which is converted into kinetic energy of the 
exhaust and dramatically increased thrust. 

 ► The problem with afterburning is that it is incredibly inefficient. 
Afterburning consumes huge quantities of fuel, so it is only used 
when needed for a huge boost in thrust. For these reasons, 
afterburners are usually found only on military aircraft, where 
thrust is a primary concern.

 ► There’s one final function of jet engines that is routinely used on 
commercial airliners. Pilots will routinely use thrust reversers to help 
the aircraft slow down once it has touched down on the runway. 

 ► This saves wear on the brakes, and adds additional deceleration 
capability for operation on shorter runways or when the runway 
surface is slippery. Thrust reversers operate exactly as they 
sound: They change the direction of the thrust. 
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Suggested Reading

Anderson, The Airplane.
Mattingly and Boyer, Elements of Propulsion.
Mattingly, et al., Aircraft Engine Design.

Questions

1. Why are engines with large fans more efficient? Why not keep 
increasing to ever-higher fan size?

2. What is the magnitude of reversed thrust for an engine with 25,000 
pounds of thrust and a deflection of 120 degrees from the normal 
exhaust direction of the engine?

a. 2500 pounds

b. 6250 pounds

c. 12,500 pounds

Answers

1. A large fan provides high bypass ratio, which is the ratio of bypass 
air mass flow rate (air flowing through the fan) to the mass flow of 
air flowing through the core of the engine. The overall thrust goal of 
the engine can be met by accelerating air to a very high speed, or by 
accelerating more air to a lower speed. Since there is wasted kinetic 
energy with high-speed exhaust, it is most efficient to have the greatest 
possible proportion of thrust achieved by the bypass air. However, the 
diameter of the fan is limited by ground clearance, which is especially 
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significant if the engine is mounted under the wing. Longer landing 
gear could be installed, but this increases the weight of the aircraft. 
Also, larger fan diameter will result in transonic speeds (approaching 
Mach 1) at the tip, which induces noise from rotating shocks, and a 
loss of efficiency due to higher drag.

2. Since the exhaust is turned through 120 degrees from an axial 
direction, a component of thrust is acting to slow the aircraft down 
(applying a force against the forward motion of the aircraft). The 
forward component can be found by taking the total thrust (25,000 
pounds), times the sine of 30 degrees (0.5). Thus, even though the 
thrust deflection angle is not close to a full 180 degrees, half of the total 
thrust is available to slow the aircraft down. The forward component of 
reversed thrust is 12,500 lbs, answer c.
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LECTURE 

9
Aircraft Structures 

and Materials

Aircraft designers want an aircraft to be sufficiently strong that it will never 
break. But they also want it not to be over-designed, since this would 

be too heavy and inefficient. This highly critical balancing act brings us to 
the field of aircraft structure, an entire domain on par with aerodynamics, 
propulsion, and the stability of the aircraft. Unlike ground-based structures 
such as bridges or buildings, the constant imperative for the structures of 
all aircraft is the urgent need to minimize weight.

Fuel Weight

 ► Large airplanes carry heavy amounts of fuel. A Boeing 777-300ER, 
which has a maximum takeoff weight of over 700,000 pounds, can 
carry over 300,000 pounds of fuel. 

 ► Clearly, the aircraft structure has to be designed to sustain this 
weight, not only at the beginning of the flight, but also at the 
end. It’s important to recognize that the majority of that fuel gets 
burned during a flight, meaning that the aircraft’s weight changes 
from over 700,000 pounds to about 400,000 pounds during a  
single flight.

 ► Aircraft designers can use this difference in weight to “cheat” by 
designing the aircraft landing gear to support less load than what 
is present on the aircraft upon takeoff. 
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 ► If an aircraft designed this way encounters an in-flight emergency 
shortly after takeoff and needs to land again, the pilot must first 
get the aircraft’s weight below the maximum landing weight. That 
means either circling overhead and burning fuel, or dumping  
fuel overboard.

G-Forces

 ► For conditions of steady, level flight for cruise, the loading of 
the aircraft can be assumed constant. But, if the aircraft is 
maneuvering, then the aerodynamic loading will be much higher. 
This is measured as g-forces, which are basically a multiplier on 
the standard loading under 1-g conditions for steady, level flight. 
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 ► An aircraft experiencing a 2-g maneuver will have twice the 
aerodynamic loading of normal flight. 

 ► Different aircraft have different specifications for maneuver load; 
for example, a commercial airliner is designed to sustain around 
3 or 4 g’s, while a fighter aircraft might be designed to sustain 
loading as high as 9 g’s or more. 

 ► For fighter aircraft, the limiting factor is actually the pilot’s ability 
to sustain high g-loading, rather than the structural strength of the 
aircraft.

 ► The other limit of the operating envelope is the maximum flight 
speed of the vehicle, which is only encountered in a dive. In an 
aircraft, it would be very easy to throttle up the engine and put the 
aircraft in a dive whose speed exceeds the structural loading limit 
of the aircraft.

 ► In flight, the aerodynamic loading directly scales with the dynamic 
pressure, which is 1⁄2 times the air density times the square of the 
velocity. Since pressure has a non-linear dependency on flight 
speed, the velocity will quickly drive up the dynamic pressure 
encountered by an aircraft. And the higher the dynamic pressure 
is, the greater the applied loading will be on the aircraft.

Transient Events

 ► In the face of types of challenges the aircraft might face, structural 
strength sets the maximum flight speed. These challenges 
include significant transient events, such as gusts of wind induced  
by turbulence.

 ► Gusts, such as updrafts or downdrafts in the vicinity of severe 
thunderstorms, will momentarily change the angle of attack of the 
air flowing over the wing, and result in dramatic changes in lift. For 
example, an aircraft flying at 100 knots (115 mph) that suddenly 
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encounters a 10-knot updraft will have its angle of attack change 
by nearly 6 degrees. 

 ► Since a wing’s lift is proportional to the angle of attack, and an 
aircraft might cruise with an angle of attack of about 2 degrees, 
this change to a 6-degree angle could be enough to double or 
even triple the lift acting on the aircraft wing.

 ► It’s also interesting to consider the effects of an aircraft’s wing 
loading on the induced acceleration due to a gust. The increment 
in g-loading due to a gust is equal to the change in lift divided by 
the aircraft weight.

 ► Based on the lift equation, we can also express the change in 
load factor as a function of the dynamic pressure, change in angle 
of attack, and the wing loading. Wing loading is defined as the 
aircraft weight divided by wing area.

 ► A given gust will create a change in the angle of attack, which will 
dictate the g-loading. But, an aircraft with a higher wing loading will 
produce less g-loading for a given gust. Large, high-speed aircraft 
that are fully loaded will have the highest wing-loading values. 

 ► Beyond wind gusts, it’s also quite possible to overstress the 
airplane through aggressive inputs on the aircraft controls. This 
led to the November 2001 crash of American Airlines flight 587 
from the John F. Kennedy International Airport in New York: After 
encountering turbulence from a larger 747, the pilot of an Airbus 
A300-600 overreacted. 

 ► Strong, back-and-forth alternating rudder inputs led to fatigue of 
the vertical tail attachment, causing the vertical tail to snap off the 
airplane. The A300 then went into a flat spin, and the unusual load 
imposed by spinning eventually caused the engines to separate 
from the aircraft. All aboard perished in the crash. 
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Cabin Pressure

 ► The pressure outside the plane at typical cruising altitude for a 
commercial airliner is about a quarter of pressure at sea level, 
conditions where all of the passengers and crew would suffer from 
debilitating hypoxia.

 ► To make the aircraft survivable and comfortable for the 
passengers, the cabin is pressurized using high-pressure bleed air 
from the engines. One reason the main body of a modern aircraft 
is circular is so that the pressure from gas inside the plane pushes 
outward equally in all directions. 

 ► Standard sea level pressure is 14.7 psi. But for a 787 cruising at 
an altitude of 35,000 feet, the pressure outside the cabin is about 
3.5 psi, while it is about 11.75 psi on the inside. That means the 
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pressure difference acting on the hull of a 787 is over 8 pounds 
per square inch. When we consider that the fuselage diameter is 
around 19 feet, every foot-long section of fuselage on the 787 has 
to sustain about 3 tons of outward force.

Structural Tension

 ► The aircraft designer must ensure that the underlying structure 
can sustain the loads discussed above without breaking. But 
the definition of structural failure is not exactly straightforward. 
There are conditions under which the structure can start to “give” 
without breaking—while sustaining permanent damage that must  
be repaired. 

 ► There are 3 main ways that loads are applied to a structure: 
tension, compression, and shear. Each of these can be 
conceptualized in isolation as a pure load, but in practice they are 
usually found in conjunction with one another.

 ■ Tension occurs when a load is applied in a direction that pulls 
the material apart. 

 ■ Compression is the exact opposite of tension, where the load is 
applied in a direction such that the material will be compressed. 

 ■ Shearing is like a tearing action, where the intermolecular 
forces are resisting a sliding force in a plane parallel to the 
applied force. 

 ► To determine when or whether a material will fail under tension, 
compression, or shear, we look at 2 fundamental properties in the 
study of materials: stress and strain.

 ■ Stress is a measure of how much load or force is acting on 
a particular cross-sectional area, so it has units of force per  
unit area.
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 ■ Strain results when stress is applied to a material. We 
measure how much the material’s length has changed, 
normalized by the initial length. Since strain is length of the 
change divided by the initial length, units cancel out, and 
strain is a dimensionless ratio. 

 ► For each material, there is a constant of proportionality that 
defines the relationship between stress and strain; this is called 
Young’s modulus of elasticity. The less strain that results from a 
given amount of stress for a material, the higher the value of this 
modulus will be. 

 ► Most kinds of steel, for example, are relatively inelastic, so they 
have a relatively large Young’s modulus, which implies that less 
strain results from a given applied stress. By contrast, aluminum 
is relatively soft, or elastic, so it has a low value for this modulus 
of elasticity.

 ► Each material has its own broadly linear relationship between 
stress and strain, which is sometimes called Hooke’s law, for a 
similar observation of springs made by Robert Hooke in 1660. This 
linear relationship only holds true up to a certain point. Beyond 
a value of applied stress, however, the linear relationship breaks 
down. This point is called the elastic limit.

 ► Beyond the elastic limit, however, the material undergoes a 
permanent deformation, called plastic deformation. And at the limit 
of plastic deformation, called the plastic limit, the material starts to 
fail completely.

 ► High stress can result whenever there is any kind of geometrical 
discontinuity, or a sharp corner within a material. The local area 
becomes very small. Whenever a load is applied to a small 
cross-sectional area, a large amount of stress, called a stress 
concentration, will result.
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Bending and Torsion

 ► The 2 most common loading situations encountered on an aircraft 
are bending and torsion. Beam bending combines tension, 
compression, and shear. When a beam is in bending with a load 
applied in the upward direction, the top of the beam is under 
compression, and the bottom of the beam is under tension. 

 ► At any vertical cross-sectional plane within the beam, there will be 
a shear force. This force is ultimately connected to the upward pull 
near the tip and the downward reaction force at the fixed end.

 ► The clearest example of bending is the loading applied to the wing. 
The effects of bending are startlingly visible: Passengers sitting by 
the wing will see it deflect upward as the aircraft accelerates down 
the runway and the lift builds up to the point of takeoff. 
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 ► The amount of deflection can be substantial! For example, on the 
787, the wing tip will routinely deflect upward by 12 feet, and can 
go as high as about 26 feet without breaking.

 ► The other key load that is experienced by aircraft is torsion, 
where an applied torque results in shear stress variations within 
a solid member. This stress increases from zero at the center to 
a maximum at the outer edge. Since the interior of the member 
doesn’t carry much stress, the center portions of torque-carrying 
tubes are often hollowed out in order to save weight.

 ► In the earliest days of aviation, the predominant structure that 
carried the loading on the aircraft was external to the wing. There 
were struts and bracing wires that constrained the bending. 
However, these external structures were a huge source of drag, so 
aircraft designers soon had motivation to do something different.

 ► The first innovation was the monocoque shell structure, which 
carries all of the loading in the shell. This was a nice improvement, 
but it became much too heavy for larger planes.

 ► The major revolution in aircraft structural design came with a 
hybrid approach called a semi-monocoque design. This is where 
some of the structure of the aircraft has moved internally, but some 
of the structure moves into a metal skin. 

 ► That is, instead of covering the plane with a non-structural skin 
made of fabric that merely reduced wind resistance, aluminum 
skins also carried some of the stress load. This concept, referred 
to as a stressed skin, is essential for keeping the weight down, 
and remains a predominant structural design feature of aircraft to 
this day. 

 ► The key components of modern wings are spars that run along the 
span of the wing, which take on the bending. The skin panels on 
the upper and lower surfaces of the wing also take on compressive 
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loading on top, and tensile loading on bottom, helping to support 
the overall bending load applied to the wing, and enabling the 
main spar to be a little lighter.

 ► Running perpendicular to the wing spars are the ribs, which are 
oriented chordwise. They are positioned at periodic intervals along 
the span, and provide the structure and shape of the wing. 

Materials

 ► The requirement that structures be as lightweight as possible, 
while still achieving the required structural strength, is what helped 
push the development of aluminum alloys. 

 ► This alloy and heat treatment process were originally developed in 
Germany. It resulted in an early alloy termed Duralumin in 1909, 
which transformed airship aircraft structural design and helped 
jumpstart the creation of the first monocoque planes.

 ► The use of composite materials, as in the Boeing 787 Dreamliner, 
opened a new chapter in the evolution of materials and structures. 
Composites can weigh even less than the lightest of aluminum 
alloys. In modern aircraft, the composites are made from carbon-
fiber materials.

Suggested Reading

Cutler, Understanding Aircraft Structures.
Hoskin and Baker, Composite Materials for Aircraft Structures.
Megson, Aircraft Structures for Engineering Students.
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Questions

1. What features of the Boeing 787 enable it to have larger passenger 
windows than typical commercial airliners?

2. What is the maneuvering speed for an aircraft, and how is it determined?

Answers

1. The Boeing 787 Dreamliner fuselage is made from composite 
materials, rather than the traditional aluminum skin. The composite 
materials are much lighter weight, and the bonding of multiple 
laminates makes it more resistant to fatigue cracking. Also, the higher 
strength-to-weight ratio of the composite structures allows the fuselage 
frames to be spaced more widely, and allowing more space for larger 
windows without exceeding stress concentration limits.

2. The maneuver speed is the highest speed at which an aircraft may 
safely fly in heavy turbulence. It’s also the highest speed at which a 
pilot can fly abrupt maneuvers without risk of overstressing the aircraft 
structure. It is determined by finding the maximum speed at which the 
wing will aerodynamically stall before reaching the structural load limit.
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Aircraft Stability 
and Flight Control

LECTURE 

10

As Samuel Pierpont Langley found out at the dawn of aviation, 
stable and controllable flight is critical. Stability of the airplane is all 

about producing forces and moments that restore the aircraft back to an 
equilibrium condition when perturbed. Appropriate tail surfaces or forward 
surfaces are typically used to trim the aircraft under steady flight conditions. 
Meanwhile, control of the aircraft typically involves deflection of control 
surfaces to alter the pitch, roll, or yaw torque acting on the aircraft’s center 
of gravity. 

Langley’s Work

 ► Langley, secretary of the Smithsonian Institution in the late 1800s, 
was convinced that powered flight was possible. Langley set out 
to build up a technology program to build a successful powered 
aircraft. He built a series of aerodromes; these were sub-scale 
model aircraft that were designed to be a practical demonstration 
of the principles of flight.

 ► After several years of applied research and development, 
Langley’s team converged on a design that they thought could 
sustain powered flight. The Aerodrome 5, weighing in at 24.3 
pounds, had a tandem wing configuration based on a cambered 
airfoil. The aircraft was driven by a 1-horsepower steam engine, 
powering twin propellers located midway between the front and 
rear wings.
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 ► Langley was fixated on ensuring that the aircraft would be able to 
sustain stable flight. One of the stability features that he designed 
into his wing was a strong dihedral angle of 15 degrees; this is 
the upward-deflected angle of each wing. This design feature is 
incorporated in order to 
counteract disturbances in 
the roll of the aircraft. 

 ► Langley also incorporated 
a cruciform tail. This is the 
same basic idea as what is 
seen on arrows, and had 
been proposed by George 
Cayley many years before.

 ► Aerodrome 5’s first flight 
took place on May 6, 1896 
over the Potomac River 
near Quantico, Virginia. 
Langley’s crew launched 
the aircraft from the top 
of a houseboat floating 
in the river, commencing 
a 1.5-minute flight that 
covered almost half a mile.

 ► Langley had achieved the first sustained, engine-powered flight of 
a heavier-than-air aircraft. But Langley had neglected control: The 
Aerodrome 5 lacked measures to steer the aircraft in the desired 
direction of flight. There wasn’t even a pilot on board, and the 
aircraft merely landed in water.

The Wright Brothers’ Work

 ► In contrast to Langley, the Wright brothers paid much more 
attention to aircraft control. The Wright brothers’ key insight was in 
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how to achieve roll control. Their idea revolved around differential 
control of the angle of attack of each wing. 

 ► If the left wing could be set to a lower angle of attack while the 
angle of the right wing was increased, then the lift on the left wing 
would decrease and the right wing’s lift would increase. 

 ► This imbalance in lift would cause the aircraft to bank to the left. 
Once they had developed this concept, the difficulty was in how to 
achieve this differential angle of attack in practice.

 ► A flash of inspiration occurred to Wilbur Wright one day while he 
was working in their bicycle shop. While talking with a customer, 
Wilbur found himself mindlessly playing with the 4 corners of an 
empty cardboard box. 
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 ► He twisted it back and forth, and was suddenly struck with the 
idea that this warping technique could be used to produce the 
differential angle of attack that they needed for roll control.

 ► This insight led to their development of the wing-warping 
technique, which they used for roll control on all of their early 
aircraft, including the 1903 Wright Flyer. They recognized that this 
method of control was a unique contribution to aviation, leading to 
the filing of a patent application to protect this idea. 

 ► Since roll control was so fundamental to successful flight, the Wright 
brothers’ patent claim was essentially an attempt to assert priority 
claim over all aircraft designs. This assertion led to contentious 
disputes between the Wright brothers and their contemporaries.

Axes and Stability

 ► A good place to start any analysis of stability is with the definition 
of a coordinate system for the aircraft, and the rotations about 
those axes. The longitudinal axis runs along the length of the 
aircraft’s fuselage. Roll of the airplane is a rotation about the  
longitudinal axis. 

 ► The next axis is the lateral axis, which runs along the span of the 
wing. The aircraft pitches about the lateral axis, pointing the nose 
of the aircraft up or down. 

 ► The third axis is the directional axis, or vertical axis, which projects 
vertically out of the fuselage. The aircraft yaws to the left or 
right about the directional axis, pointing its nose toward different 
azimuthal locations. This coordinate system is called the aircraft 
body axis system, since it is fixed with the aircraft.

 ► The origin of the body axis coordinate system is centered on the 
aircraft’s center of gravity (CG). The center of gravity is like a 
centroid, a center point for all of the mass of the aircraft. If the 
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aircraft acts as a solid body, all of the rotations take place around 
the center of gravity. The placement of an aircraft’s center of 
gravity is critical for all aspects of stability and control. 

Moments and Stability

 ► What exactly produces rotations about the aircraft body axes? The 
source that induces a rotation is termed a moment. It’s easiest to 
think of a moment as an applied torque.

 ► An aircraft that is in steady, straight, and level flight is in a trimmed 
condition. All of the forces and all of the moments acting on the 
aircraft are in equilibrium.

 ► A stable design will return to its initial equilibrium condition if 
perturbed, by a wind gust, for example. A neutrally stable design 
will change from one equilibrium state to another state when 
subjected to some change. 

 ► A perturbation to an unstable design will cause the system to 
diverge from the equilibrium condition. The perturbation would 
grow until the aircraft completely flips over.

Center of Pressure

 ► Another critical consideration is where the net forces and moments 
act on the aircraft. Even though the pressure is acting across the 
wing, we can sum up the net contribution of the entire pressure 
distribution with a single force vector acting at a point on the 
aircraft. We call this net force on the wing the center of pressure.

 ► The location of the center of pressure relative to the center of 
gravity will determine what rotational motion happens. If the 
center of pressure is co-located with the center of gravity, then no 
rotations will occur. However, if there is some distance between 
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the center of pressure and the center of gravity, then the net force 
vector will produce a moment about the center of gravity. 

 ► For a given magnitude of force, a larger distance between the 
force and the center of gravity will produce a stronger moment. 

 ► To summarize: For stable flight, an aircraft must have a center of 
pressure that will induce a moment about the center of gravity that 
restores the aircraft to its equilibrium condition. Since an increase 
in angle of attack corresponds to an increase of lift, the center of 
pressure must be behind the center of gravity.

Aircraft Parts

 ► If the wing’s center of pressure is behind the center of gravity for 
purposes of stability, why don’t aircraft nose over during routine 
flight? The answer to that balancing problem is in the horizontal 
tail. 

 ► The tail is used to trim out the forces and moments, to bring 
everything in balance. In order to trim the aircraft, the tail actually 
must produce a downforce on the rear of the aircraft. 

 ► The downforce is set to produce a moment that counteracts the 
moment resulting from the gap between the center of gravity and 
the center of pressure. Since the horizontal tail must produce a 
downforce, it is typically configured with a negative incidence 
angle.

 ► Stability about the directional axis is accomplished through the 
use of a vertical tail. Unlike the horizontal tail, however, the vertical 
tail is mounted with no incidence angle. 

 ► If the aircraft yaws to one side or the other, or if the wind shifts 
direction, the vertical tail will then be at an angle of attack that 
produces a side force. The side force, in turn, creates a restoring 
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moment. Thus, the vertical tail is effective in either direction, and 
for this reason it’s usually constructed from a symmetric airfoil.

 ► Roll stability about the longitudinal axis is achieved through the 
use of a dihedral angle. When the wing is set at a positive dihedral 
angle, and the aircraft dips a wing, that wing will produce more lift. 
The extra lift creates a restoring moment to bring the aircraft back 
to a wings-level condition.

Control Development

 ► The Wrights developed an ingenious system for warping the wings 
in order to achieve differential angle of attack on the 2 wing tips for 
roll control. However, we don’t see the Wright Brothers’ concept on 
aircraft today. What developments happened since then?

 ► Glenn Curtiss was a contemporary and chief competitor with 
the Wrights. In his effort to avoid licensing or infringing upon the 
Wright’s wing warping patent, he developed roll control using 
ailerons instead. Ailerons are small flaps located at each wing tip. 

 ► They provide the same result as wing warping, but through a much 
more practical manner for modern aircraft. It’s easier to deflect a 
small control surface on the wing than to 
twist a large metal wing. 

 ► When a pilot wishes to bank the aircraft to 
the right, the right wing’s aileron is deflected 
upward, while the left wing’s aileron is 
deflected downward. The deflection of the 
aileron serves to locally increase or decrease 
the camber of the wing, thus changing its 
local lift production. Differential deflection of 
the ailerons then produces increased lift on 
one wing and decreased lift on the opposite 
wing, leading to a rolling moment. 



99The Science of Flight

 ► Pitch control about the lateral axis is achieved through deflection 
of elevators, typically mounted on the aft end of the horizontal tail. 
The elevators act in the same way as the ailerons, except their 
size is typically larger, and the elevators move in unison to pitch 
the aircraft nose up or down.

 ► Yaw control about the directional axis is achieved through 
deflection of a rudder on the vertical tail. The rudder essentially 
acts as a flap on the vertical tail, producing side force in one 
direction or the other to steer the nose of the aircraft.

 ► Although ailerons displaced the wing-warping technology of the 
Wright brothers for almost a century, NASA and other designers 
have been exploring new variants known as wing morphing. 
Instead of exposed flaps and hinges, the idea in these new 
approaches is to bring flexibility inside the wing. This potentially 
promises lower drag, leading to greater fuel efficiency and even 
reduced noise at airports. 

 ► A canard is an option that sometimes is used instead of a 
horizontal tail. Canards are seen on a variety of aircraft ranging 
from turboprop business aircraft such as the Beechcraft Starship 
to supersonic aircraft such as the Tupolev Tu-144. 
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 ► However, there are a number of nuanced challenges that limit the 
widespread implementation of canards instead of horizontal tails. 
Some of these issues include interactional aerodynamics between 
the canard and the main wing, as well as poor stall characteristics 
if the main wing stalls first.

 ► The other key departure from the traditional aircraft configuration 
is the flying wing. This type of aircraft has been most commonly 
produced by Northrop Grumman, exemplified by the B-2 bomber. 

 ► The advantages of a flying wing are improved stealth capabilities, 
due to the lack of radar reflections from the tail surfaces, and the 
opportunity for more efficient flight due to minimizing or eliminating 
the tail area.

 ► But how can stable flight in a flying wing be achieved? The trick 
is in how the balancing moments for aircraft trim are created. The 
flying wing can be designed with a reflexed trailing edge, which 
ends up producing a net positive pitching moment. That can be 
used to counteract the nose-down moment produced by the center 
of pressure being aft of the center of gravity. 

Suggested Reading

Anderson, Introduction to Flight, chapter 7.
Crouch, The Bishop’s Boys: A Life of Wilbur and Orville Wright.
Phillips, Mechanics of Flight.
Smith, The Illustrated Guide to Aerodynamics, chapter 6.
Yechout, Introduction to Aircraft Flight Mechanics.



101The Science of Flight

Questions

1. The size of the Boeing 747SP vertical tail is larger than the vertical tail 
on the rest of the 747 family of aircraft. What does that tell you?

2. How is directional control achieved by a flying wing, even though there 
is no vertical tail?

Answers

1. The vertical tail on the initial 747-100 was designed with sufficient 
size to ensure directional stability and the ability to overcome the 
yawing moment resulting from loss of thrust from an engine. The 
747SP, however, is a later variant with a shorter fuselage, designed for 
challenging routes with long range requirements. The shorter fuselage 
decreased the moment arm between the center of pressure of the tail 
and the center of gravity of the airplane. If the 747-100’s tail were used, 
then there would be insufficient yawing moment for directional stability. 
So, the 747SP’s tail area was increased to produce more side force to 
overcome the short moment arm.

2. Flying wings achieve directional control by splitting the ailerons into 
separately actuated upper and lower surfaces. Increased drag can be 
produced on 1 wing by deflecting the split aileron both up and down, 
while the other wing can be maintained in a low-drag situation. The 
difference in drag between the 2 wing tips creates a yawing moment 
that points the nose in the direction of the aileron with split deflection.
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Flying Faster and Higher
LECTURE 

11

Beginning with the Wright brothers’ initial flight in 1903, there has been 
a continual push to ever-faster speeds. The Wrights’ first flight was 

estimated at an airspeed of about 31 mph into a headwind of 21 mph, for 
a ground speed of only 10 mph. The first recognized speed record was by 
Alberto Santos-Dumont in 1906, clocking in at a ground speed of just over 
25 mph. Just 6 years later, the fastest plane was already 4 times faster, as 
the 100-mph barrier was broken in early 1912. By 1976, the Lockheed SR-
71 Blackbird flew at 2193 mph—a record that has remained unbroken. In 
this lecture, we’ll learn the science that makes such achievements possible. 

Performance Limits

 ► Drastic and catastrophic failure can occur if a pilot (or designer) 
pushes too far beyond the performance limits of an aircraft. The 
flight envelope, also called the performance envelope, is the 
traditional expression for a set of performance limits, primarily 
defined by 3 characteristics:

1. The maximum power available from the propulsion system.

2. Aerodynamic drag and the power required to overcome it.

3. Aerodynamic stall.
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 ► There is a key difference between a jet aircraft and a propeller 
aircraft when it comes to performance limits. The fundamental 
performance limits of these propulsion devices are different: 
jet aircraft are thrust limited, while propeller aircraft are power 
limited. This difference has an impact on how the performance 
characteristics are determined, and what the optimum flight 
conditions end up being.

 ► Thrust is a just a force, while power is the work done in a given 
amount of time, or the rate of energy change. Since work results 
from applying a force through a distance, we can think of power as 
force times distance in a given time.

Drag

 ► If an aircraft is in steady, level flight, the forces acting on the 
aircraft must be in equilibrium, so the thrust must equal the drag. 
However, thrust is not the same as power. We can get from thrust 
to power by simply multiplying by velocity. In other words, the 
power required for steady, level flight is just drag times airspeed.

 ► Aircraft designers have a succinct way of representing the 
parasitic and induced drag characteristics of the airplane. This is 
termed the drag polar. 

 ► When lift is zero, induced drag is zero, so total drag is solely 
parasitic drag. Then, as the lift increases, induced drag goes up 
and the overall drag goes up. 

 ► Overall drag is the sum of the parasitic drag coefficient and the 
induced drag coefficient. The induced drag coefficient is equal to 
the square of lift coefficient divided by the product of pi, the aspect 
ratio, and the Oswald efficiency factor. 

 ► Induced drag is inversely proportional to the square of the flight 
speed. If an aircraft reduces its speed by a factor of 2, the induced 
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drag will go up by a factor of 4. Parasitic drag goes up with the 
square of flight speed, yet induced drag goes down with the 
square of the flight speed. 

 ► Low-speed flight is dominated by induced drag. High-speed flight 
is dominated by parasitic drag. Between these extremes is a 
condition for minimum drag. 

 ► If a pilot is at low flight speed and wishes to decelerate while 
maintaining level flight, the power must actually be increased. This 
is because the induced drag goes up at the lower flight speed, 
and extra thrust must be produced in order to match the increased 
drag and sustain flight. This non-intuitive relationship is so vexing 
that pilots have given it a name:  It’s called flying on the “back 
side” of the power curve.

 ► Minimum drag is where parasitic drag is exactly equal to the 
induced drag. This condition represents optimum efficiency. 
Constant lift equal to the aircraft weight plus minimum drag will 
maximize the lift-to-drag ratio. 

Low-Speed Flight

 ► If an aircraft must be designed to operate in the low-speed portion 
of the flight envelope, what tools might the aircraft designer use 
to optimize flight? The weight of the aircraft and the wingspan are 
critical features. 

 ► If the weight of the flight vehicle can be reduced, then there is a 
substantial reduction in induced drag, because the wing has to 
produce much less lift to support that weight. 

 ► If the designer can increase the wingspan, then the induced 
drag will also dramatically decrease, because the distribution of 
lift across the span has changed such that the strength of the tip 
vortices is reduced.
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 ► This is the exact 
strategy employed 
on the U-2 spy plane, 
which had long, thin 
wings of 103 feet, 
for endurance spy 
missions during the 
Cold War.

Speed Records

 ► The Hughes H-1 Racer aircraft was meticulously designed by 
Howard Hughes with the specific goal of breaking speed records. 
Hughes built the aircraft in the mid-1930s, incorporating innovative 
features such as hydraulically actuated retractable landing 
gear. He also relied upon flush rivets and countersunk flathead 
screws. The result was an incredibly smooth surface with as little 
disturbance to the airflow as possible. 

 ► For the power plant, Hughes selected the Pratt & Whitney R-1535 
engine, which was a twin-row, 14-cylinder radial engine. Hughes 
and his team tweaked and tuned the engine performance to 
achieve 1000 horsepower. 

 ► On September 13, 1935, Hughes broke the world speed record 
for a land-based aircraft, hitting an average speed of 352 miles 
per hour over a closed course near Santa Ana, California. In fact, 
he pushed the Racer so hard that he exhausted his fuel supply 
on board and ended up crashing. Thankfully, the crash wasn’t 
too severe; Hughes was able to walk away from the incident and 
ended up repairing the damage.

 ► Then, he refitted the Racer with a larger wing to lower the wing 
loading, which improved long-distance cruise efficiency. He 
flew it coast-to-coast on January 19, 1937, to break his own 
transcontinental speed record by nearly 2 hours, with a time of 7 
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hours, 28 minutes, and 25 seconds. He had an average speed 
of 332 miles per hour for the entire trip.

 ► The Racer was the last privately built aircraft to break a world 
speed record, with military aircraft dominating the record books 
thereafter.

 ► Note: The world seaplane record at this time was 440 mph, 
over 100 mph faster than the land-based record. The reason 
that a seaplane could cruise so much faster than a land plane 
was that the wing of a seaplane could be more fully optimized 
to focus on maximum flight speed. 

 ► A land plane typically has a runway of only 2–3 miles to get off 
the ground, but a seaplane can take advantage of the virtually 
unlimited runway available on water to rise into the air far more 
gradually. Thus, for a seaplane, takeoff can be so gradual 
as to be almost indistinguishable from cruising. This means 
that a seaplane wing optimized for cruising can also be used  
for takeoff. 

Air Density and Takeoff

 ► Air density will decrease as a plane goes up in altitude. This 
variation in density has a profound impact on aircraft performance. 
Lower density will increase the true airspeed for stall. As density 
decreases at higher altitudes, there is less air mass available for 
combustion, so the maximum thrust or power available from an 
engine decreases. 

 ► Changes in altitude will have an effect on power requirements, since 
density appears in the equations for power needed to overcome 
induced drag and parasitic drag. Power needed to overcome lift-
induced drag is inversely proportional to density, so this so-called 
induced power goes up as the aircraft climbs in altitude. 
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 ► At higher altitudes, the wing has less air mass to work with to 
produce lift, so the lift coefficient must increase, the wing must 
work harder, and the induced drag goes up. On the other hand, 
the power required to overcome parasitic drag will decrease at 
higher altitude, since there are fewer air molecules interacting with 
the aircraft and resisting its motion.

 ► At a particular altitude, the difference between the power available 
and the power required is termed the excess power. This excess 
power represents the capacity for the aircraft to increase its overall 
energy beyond its current equilibrium condition. 
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 ► The amount of excess power diminishes as the aircraft climbs, 
which will result in a gradually reducing maximum rate of climb. At 
a certain point, the rate of climb gets so low that, for all practical 
purposes, the aircraft can’t climb any higher. 

 ► A common definition of this condition is the service ceiling, defined 
as the altitude at which the aircraft’s best rate of climb performance 
is only 100 feet per minute. Under ideal conditions, with expert 
piloting technique, an aircraft could climb higher to its absolute 
ceiling, where the rate of climb goes to zero. This condition brings 
the risk of high-altitude stall. 

Takeoff

 ► In an aircraft taking off from a short runway with an obstruction at 
the end of the runway, the critical factor that the pilot worries about 
is clearing that obstacle rather than minimizing the time to climb. 
Thus, the pilot cares about gaining as much vertical altitude as 
possible within as little ground distance as possible. This equates 
to the maximum climb angle, which is a different condition than 
maximum rate of climb.

 ► We can find the maximum angle of climb with a graph that’s 
sometimes called a climb performance hodograph. 

 ► The condition for the best angle of climb is found by recognizing 
that the climb angle is proportional to the vertical speed divided by 
the horizontal speed. The condition for best climb angle will always 
be at a lower airspeed than the speed for best rate of climb.

 ► In a tight runway environment, the pilot will fly the airspeed for 
best climb angle as soon as leaving the ground, at least until the 
obstacle is cleared. From that point onward, the pilot flies the 
airspeed for the best rate of climb in order to minimize the time to 
climb to cruise altitude.
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Suggested Reading

Anderson, A History of Aerodynamics, chapters 3 and 4.
———, Introduction to Flight, chapter 11.
Gregory and Liu, Introduction to Flight Testing of Light Aircraft and UAVs 

(forthcoming title).
Loftin, Quest for Performance.

Questions

1. What are the physical reasons for the back side of the power curve, 
where drag increases at lower airspeeds? Why is this a challenge for 
unaware pilots?

2. Howard Hughes designed and built 2 separate wings for his H-1 racer: 
one had a span of 25 feet and was used for setting the short-distance 
speed record, while the other wing was 31 feet, 9 inches long and used 
for the cross-country speed record. Why did he use 2 different wings 
for these records?

Answers

1. The drag increase at low flight speeds is due to induced drag: The 
slower that the aircraft flies, the harder the wing is working to produce 
lift (higher lift coefficient), and the drag due to lift increases. In order to 
decelerate and maintain level flight while on the back side of the power 
curve, a pilot must add more power in order to overcome the increased 
drag. The technique of adding power for slower flight is challenging for 
some pilots, since the control input is the opposite of what is normally 
encountered in flight.
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2. Hughes fit his aircraft with the smallest possible wing for an all-out 
speed record. The small wing gave high wing loading of the aircraft, 
which is beneficial for reducing drag and achieving high speed flight. 
However, the small wing will result in high approach speeds and high 
stall speed, resulting in a very long runway. Thus, Hughes built a 
much longer wing for his cross-country flight, which was constrained 
by practical matters such as having suitable runways along the flight 
where he could land.
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Breaking the Sound Barrier 
and Beyond

LECTURE 

12

Around the time of World War II, there was a widespread perception 
that aeronautics faced a so-called sound barrier at speeds around 767 

mph, also known as Mach 1. There were at least 3 obstacles. First, it was 
common knowledge that lift started to decrease above about Mach 0.8. 
Second, at the same time, the drag started to increase substantially. And 
third, not only was it harder to stay aloft and move forward, there was also 
significant loss of control that pilots encountered during high-speed test 
dives. This lecture looks at efforts to break the sound barrier and beyond.

Breakthrough

 ► The breakthrough toward breaking the sound barrier came when 
the National Advisory Committee for Aeronautics—or NACA, 
which was the predecessor to NASA—built special transonic wind 
tunnels to study the phenomena happening at transonic speeds.

 ► When airspeed increased above a certain threshold, shock 
waves began to form on the wing. And, as the velocity continued 
to increase, the strength of the shock increased and its location 
on the wing changed. They found that the location of the shock 
was very sensitive to parameters such as the flow velocity and the 
wing angle of attack.



112 Lecture 12 • Breaking the Sound Barrier and Beyond

 ► The negative consequences of shocks on the aircraft were later 
defined by the famed Theodore von Kármán in a lecture at Cornell 
University in 1953:

 ■ First, the appearance of a shock on the wing can lead to a 
sudden change in the trim of the aircraft, which forces it out 
of balance.

 ■ Second, the presence of shocks on the control surfaces can 
dramatically increase the force required on the stick to keep 
the aircraft under control. Furthermore, the control surfaces 
can experience an uncommanded deflection, sending the 
aircraft out of control.

 ■ Third, strong vibrations could be encountered as the shock 
bounces around on the aircraft surface.

The Speed of Sound

 ► The speed of sound is 1056 feet per second on a day with a 
temperature of 5 degrees Fahrenheit. On a 70-degree day, the 
speed of sound is a little faster, at 1128 feet per second, or 770 
miles per hour. 

 ► The Mach number is simply the ratio of velocity to the local speed 
of sound. A Mach number of 1 indicates a flight speed equal to the 
speed of sound. Any Mach number less than that is subsonic, and 
any value above is supersonic.

 ► It’s helpful to think of an aircraft in flight as pushing its way 
through the air, with the air molecules forced out of the way to 
accommodate the presence of the aircraft. At speeds closer to the 
speed of sound, movement of the aircraft through the air produces 
disturbances—pressure waves—which propagate ahead of the 
aircraft and communicate to the upstream air molecules about the 
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presence of the oncoming vehicle. This upstream propagation of 
information always occurs at the speed of sound.

 ► As the flight vehicle moves faster, with a speed that approaches 
the speed of sound, there is less time available for the upstream 
air molecules to respond to the pressure disturbances. Thus, the 
air molecules tend to compress. So, the density of air increases 
immediately in front of the aircraft. This compression of air results 
in greater deflection of the streamlines and a thickening of the 
effective wing shape.

 ► The effects of compressibility can be conveyed by a simple 
relationship that was independently derived in Germany and 
England, referred to as the Prandtl-Glauert compressibility 
correction. This rule predicts that there will be an increase in lift as 
the freestream Mach number increases.

 ► As the freestream Mach number increases, the upstream 
propagation of information is inhibited since the aircraft speed 
is approaching the speed of sound. The distance between 
successive pressure waves decreases, and the disturbances start 
to coalesce. 

 ► Finally, when the flight vehicle reaches the speed of sound, it is 
no longer possible for the disturbance information to propagate 
upstream. These disturbances coalesce into a shock wave, which 
has a sudden change in physical properties. There is a nearly 
instantaneous jump in velocity, pressure, temperature, and density 
across a shock wave.

 ► When an aircraft’s flight speed exceeds the speed of sound, a 
shock wave will form at the nose of the aircraft, and usually at 
other locations on the aircraft body. This shock wave can be 
visualized by the refraction of light through the density gradient 
resulting from the shock. 
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 ► This effect, called the schlieren technique, has 
enabled some interesting methods for visualizing 
the flow. In fact, this schlieren technique was one 
of the key tools that NACA researchers used in the 
1940s to develop an understanding of shocks and 
compressibility effects.

 ► Much more recently, NASA has developed a 
technique where a chase plane with a high-
speed camera images light rays from a cluttered 
background that have passed through the flow field 
around an aircraft. 

 ► At just a short distance from the aircraft, we can 
observe 2 separate shock waves merging into a 
single shock wave. Farther away from the aircraft, 
this process continues until there are two predominant waves: one 
formed from the nose, and the other from the tail. The combination 
of these 2 disturbances produces what it referred to as an N-wave.

 ► An N-wave has 2 very strong pressure jumps that happen in a 
short amount of time as an aircraft flies above some object on the 
ground. This produces a sonic boom. 

Supersonic Flight

 ► The engine that set the stage for the first supersonic flight, or 
breaking the sound barrier of roughly 770 miles per hour, was a 
rocket engine. On October 14, 1947, over the Rogers Dry Lake 
bed in the Mojave Desert, Chuck Yeager strapped into the Bell X-1 
for that record attempt. 

 ► The X-1, simply put, was a sleek rocket with wings that were 
solely designed for speed. Indeed, it was powered by a rocket 
engine, with a fixed supply of fuel on board, and the inefficiency 
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associated with rocket propulsion. Flight for long periods could not 
be sustained. But, the X-1 sustained it long enough.

 ► Yeager successively accelerated to Mach numbers of 0.83, 0.88, 
and 0.92, gingerly testing the elevator at each condition, looking 
for any sign of control lockup or loss of control effectiveness that 
were so often encountered in that era. 

 ► Finding no anomalies, he continued to push the Mach number 
even higher while at an altitude of 42,000 feet. The Mach meter 
pushed up to a value of 0.98, fluctuated momentarily, and then 
jumped up to a value off the scale. Post-flight data analysis 
indicated that he had accelerated as fast as Mach 1.06. 

 ► In this moment, Yeager became the first human being to pilot a 
flight vehicle faster than the speed of sound, and he lived to tell 
about it. Yeager’s flight cleared the way for a continued push 
toward ever-faster flight speeds.
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Critical Condition

 ► The flight Mach number where shocks initially appear at some 
point on the aircraft is called the critical condition. Aerodynamicists 
invest a lot of effort in pushing the critical Mach number as high  
as possible.

 ► Before and during World War II, Germans came across an 
interesting idea for reducing the wave drag on a high-speed 
aircraft using swept-back wings. This idea was first presented by 
Adolf Busemann at the 1935 invitation-only Volta conference. 

 ► He proposed an idea stating that compressibility effects on a 
wing were due to the Mach number of the flow perpindicular to 
the leading edge. Therefore, if the wing were swept back, the 
component of the flow velocity parallel to the leading edge would 
not have an impact, leaving only the component perpendicular to 
the leading edge to affect the wave drag. 

 ► This allowed a designer to sweep the wings back and increase 
the flight Mach number at which shocks and other compressibility 
effects would be encountered. It wasn’t until the closing days of 
World War II that the Americans caught on to the idea. 

 ► In an effort to capture as much German aerodynamic know-how 
as possible at the conclusion of the war, the U.S. sent a delegation 
of top scientists and engineers to Germany, led by Theodore von 
Kármán. One of their visits was to a German research shop at 
Braunschweig on May 7. 

 ► At Braunschweig, they stumbled upon reams of data and wind 
tunnel models that showed strong evidence of a sustained 
research program into high-speed flight. The effects of wing sweep 
were immediately apparent to the American visitors.
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 ► One member of the team was George Schairer, an engineer from 
Boeing. Almost immediately after seeing the German data for 
the first time, he wrote a detailed letter back to his home office 
describing what he had seen. 

 ► Boeing engineers working on the B-47 bomber threw out their 
conceptual design of a straight-winged bomber and started over 
with the new swept-wing design. The B-47 then went on to be 
a highly successful jet bomber that served at the outset of the  
Cold War. 

Wing Thickness

 ► The thickness of the wing is another key aspect of the wing design 
that has a huge impact on shock development and the critical 
Mach number. A thick wing will have a lower critical Mach number, 
meaning that shocks will initially appear at lower flight speeds. So, 
many of the earliest supersonic aircraft had extremely thin wings.

 ► The disadvantage of a thin wing, however, is that there is much less 
room available for storing fuel, lighting systems, instrumentation, 
and actuators for the control surfaces. So, an alternative to 
extremely thin wings was developed: the supercritical airfoil. 

 ► This idea can also trace its lineage back to German aerodynamicists 
in the 1940s, but is most popularly associated with a NASA 
researcher named Richard Whitcomb. The supercritical airfoil is 
an interesting design where the leading edge is an elliptical shape, 
and the upper surface has a long and flat rooftop. 

 ► This shape produces rapid acceleration, but then a long, sustained 
region of relatively constant pressure. The idea is to keep the peak 
pressure below the critical pressure, such that the local velocity 
remains subsonic over most of the airfoil surface. 
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 ► By delaying shock development to higher freestream Mach 
numbers, the supercritical airfoil incurs less drag at a particular 
flight condition. Supercritical airfoils are now widely used on most 
commercial airliners since they offer such strong drag benefits.

Top Speeds Today

 ► The well-known SR-71 Blackbird is the current official speed 
record holder, with a maximum recorded speed of a little over 
Mach 2.85. Unofficially, however, it is widely known that the aircraft 
can fly much faster. One Blackbird pilot reported going as fast as 
Mach 3.5 in order to evade a missile over Libya. 

 ► The SR-71 illustrates very well how shock waves drive the design 
of high-speed flight vehicles in some interesting ways. Oblique 
shocks, or shock waves oriented at an angle with respect to the 
flow direction, are pinned to sharp edges. Oblique shocks have 
much less drag than bow shocks, which form ahead of blunt 
surfaces, but they do induce increased aerodynamic heating. 



119The Science of Flight

 ► Drag reduction, at the expense of increased aerodynamic heating, 
is the main reason why supersonic aircraft have pointy noses and 
sharp spikes in front of the engines.

 ► What factors limit the maximum speed of the SR-71 design? 
There are 2 significant limiting factors: materials and propulsion 
systems. Advanced materials are required that can withstand the 
high temperatures associated with aerothermodynamic heating at 
such high flight speeds. 

 ► The stagnation temperature is incredibly high, forcing the SR-
71 to rely on titanium and composite materials for maintaining a 
lightweight design and effective strength at high temperature. 
But even these advanced materials have limits on strength and 
heating. 

 ► Traditional jet engine propulsion systems become less effective 
at high Mach numbers. But, while Chuck Yeager used a rocket 
to overcome this problem, high-speed air-breathing propulsion 
systems are also possible, such as ramjets and scramjets. 

 ► The main idea of a ramjet is to achieve compression of the air by 
relying on the high speed of the flight vehicle to provide the driving 
force for compression. A scramjet is based on the same idea, 
except the combustion process happens at supersonic speeds 
within the engine. 

 ► Ramjet and scramjet concepts only work well at supersonic or 
hypersonic speeds, but are the most efficient concepts at high 
speed. The next world record for a piloted aircraft will likely rely on 
a scramjet engine.
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Suggested Reading

Anderson, Modern Compressible Flow.
Meier, German Development of the Swept Wing.

Questions

1. Consider a straight wing with a 30-degree sweep. By how much did the 
critical Mach number go up?

a. 5%

b. 15%

c. 30%

2. Why do supersonic aircraft have sharp, pointy leading edges, but 
subsonic aircraft do not?

Answers

1. The critical Mach number varies inversely with the cosine of the sweep 
angle, since only the component of the flow perpendicular to the 
leading edge of the wing affects the compressible drag rise. The cosine 
of 30 degrees is 0.866, and the inverse of the cosine of 30 degrees is 
1.15. Thus, the critical Mach number goes up by 15%, answer (b).

2. The leading edges of subsonic aircraft are tailored to facilitate the 
smooth flow of air around the body, generating as much lift as possible 
on the wing while minimizing the risk of flow separation. Supersonic 
aircraft, however, have a primary concern with reducing the wave drag 
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due to compressibility effects. Rounded leading edges on supersonic 
aircraft would induce strong bow shocks, which lead to a large pressure 
jump across the shock and high-pressure drag. A sharp leading edge 
offers the advantage of keeping the shock attached to the leading edge 
of the vehicle, which reduces the pressure jump across the shock and 
maintains lower drag.
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Long-Distance Flight 
and Predicting Range

LECTURE 

13

Designers and pilots need a reliable way to predict the performance of 
their aircraft. For example, airlines care a great deal about whether 

an aircraft they buy can reliably fly long-haul legs such as New York to 
Singapore, nonstop. Pilots also need to be able to calculate the range of 
the aircraft very accurately. They need to know how much fuel to carry on 
board because running out of fuel can, of course, be a large problem. This 
lecture takes a look at efforts to both estimate ranges of aircraft and extend 
range overall.

Paths 

 ► The route that an aircraft takes to fly point-to-point on the Earth’s 
surface is not a straight line when viewed on a map projection. 
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Think of the shortest distance in 3-dimensional space. There, the 
shortest distance is called the great circle path. 

 ► If this straight line is projected on a map, it shows the grand arc 
that’s formed by typical flight paths across the globe. In some 
cases, particularly between North America and Asia, the shortest 
path takes the aircraft over the polar regions of the Earth.

Maximizing Propeller-Driven Range

 ► For maximizing the range of a propeller-driven airplane with a 
fixed amount of fuel on board, the goal is to minimize pounds of 
fuel burned per mile. However, the aircraft engine’s fuel economy 
isn’t rated in pounds per mile, since the engine can’t know how far 
it has travelled. 

 ► Instead, the engine’s fuel economy is rated in pounds of fuel 
per hour, per horsepower. That is, at high power settings, the 
engine will burn more fuel per hour than at low power settings, 
so we normalize fuel burn rate by the engine power setting. This 
parameter is called the specific fuel consumption, or SFC, and it 
has units of pounds per hour per horsepower.

 ► When operating an aircraft, the power setting and airspeed can 
be set by the pilot. The speed with minimum drag is an optimum 
flight condition for maximizing the range. The minimum-drag 
airspeed occurs when the induced drag and the parasitic drag are 
equal. And since this minimizes drag, this is also the condition for 
maximum lift-to-drag ratio.

 ► The Breguet range equation helps determine range for a propeller-
powered airplane. Refer to the video or glossary for a detailed 
explanation. 

 ► From a designer’s perspective, it is best to minimize the weight 
of the aircraft relative to the fuel weight. The ideal case would be 
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an extremely lightweight aircraft that could carry as much fuel as 
possible. 

 ► If an aircraft designer or pilot wishes to extend the range of an 
aircraft, the best way to do so is by increasing the fuel load on 
board. Extra fuel tanks can be installed. It’s important to not 
change the center of gravity of the aircraft beyond safe limits.

 ► Range is a nonlinear function of aircraft weight, where each 
additional mile of range performance requires a bit more fuel than 
the previous mile. That’s because the overall weight goes up as 
more fuel is carried, and a heavier aircraft will burn more fuel. This 
is the reason that aircraft typically fly with only the amount of fuel 
needed for that particular flight. 

Jet Aircraft Range

 ► Jet aircraft follow similar behavior as propeller aircraft, but 
encounter different constraints. The main difference is that jet 
engines are rated in terms of maximum thrust performance, rather 
than power limitations. This difference affects how the equations 
are developed for optimum range. There is another form of the 
Breguet range equation for jet aircraft range. 

 ► As the jet aircraft burns fuel, its weight decreases, and it must 
maintain lift equal to weight for equilibrium flight. Therefore, the 
lift produced by the aircraft must go down throughout the flight. 
The jet-aircraft Breguet range equation holds the Mach number 
constant, and we need to maintain maximum lift-to-drag ratio, so 
the only option is to allow density to vary. 

 ► Ideally, a pilot would put the aircraft into a gradual and continuous 
climb where the loss of lift with the decrease in density would 
equal the loss of weight due to fuel burn. This is called a cruise 
climb: a gradual climb in altitude in order to maintain conditions for 
best fuel economy throughout the flight.
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 ► The only problem with a cruise climb is the congested flight 
environment that air traffic control must manage. In this 
constrained environment, aircraft are cleared for specific altitudes, 
or flight levels, that they must maintain in order to ensure sufficient 
vertical separation between aircraft. 

 ► In an effort to maintain this structured environment, but still offer 
fuel savings to the airlines, air traffic control will periodically clear 
aircraft to higher flight levels. This type of compromise is known as 
a step climb.

Fuel Weight

 ► The fuel capacity of a commercial airliner is stunning. For example, 
the weight of a fully loaded Boeing 747-8 is 987,000 pounds, and 
the fuel weight is 416,000 pounds. That means a huge change in 
weight over the course of a long-haul flight.
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 ► Despite the fact that an airliner can carry that much fuel, aircraft 
will usually only carry what they need for that flight. So, before 
every flight, the pilots have to carefully calculate how much fuel 
they should have on board, considering contingencies such as 
winds and the possibility of a diversion. 

 ► In one case, the pilots didn’t crunch their numbers as carefully as 
they should have, and the consequences were dramatic. On July 
22, 1983, Air Canada flight 143, a Boeing 767, ran low on fuel mid-
flight. 

 ► This necessitated an emergency landing on an abandoned runway 
that had been converted to a racetrack—and was hosting a festival 
at the time, which the crew didn’t know until they approached. 
Nevertheless, everyone walked away. 

 ► What caused this incident? A series of errors. Using the flight 
computer, the pilots and ground crew had to manually calculate 
the fuel requirements for the flight. However, the 767 was new to 
the Air Canada fleet, and the airline was in the process of switching 
units for their systems of measurement. 

 ► The pilots relied upon an English conversion factor for converting 
between fuel volume and mass, when their flight computer was 
expecting the data in metric units of kilograms. This led both the 
pilots and the ground crew to miscalculate how much fuel would 
be required for the flight. They ended up with less than half of the 
required fuel, despite many checks and rechecks.

Runway Length

 ► When a pilot is preparing to take off from a particular airfield, 
or planning a flight to a distant airport, one of the most critical 
assessments to be made is whether the runway length is suitable 
for the airplane. 
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 ► Runways across the U.S. can vary dramatically in length—
anywhere from short grass strips of less than 1000 feet to the 
16,000-foot runway at Denver International Airport. 

 ► During the design process, engineers do some analysis to predict 
the takeoff performance of an aircraft. The required runway 
performance is a combination of the ground roll, plus the lateral 
distance required to climb to an altitude for obstacle clearance, 
which the FAA defines as a 50-foot obstruction.

 ► Weight has a very strong impact on the takeoff length. And low 
density will increase the takeoff length. To minimize takeoff 
distance, designers try to maximize wing area, lift coefficient, and 
thrust. Additionally, wing loading should be minimized for optimum 
takeoff performance.

 ► However, once the aircraft design is set, the pilot typically has 
little control over these values, except in the selection of flaps for 
changing the lift coefficient. So, for a pilot operating an aircraft, the 
primary concerns for takeoff runway length are weight and density. 
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A heavy airplane operating in low density (on a hot day at a high-
altitude airport) will have a very difficult time taking off. 

Jimmy Doolittle

 ► The physics of aircraft range along with takeoff performance 
played a pivotal role in a defining moment of World War II. The 
sudden bombing of Pearl Harbor on December 7, 1941 left the 
U.S. unprepared and scrambling to put together an effective 
response to the Japanese attack. 

 ► The U.S. military turned to Jimmy Doolittle, who had spearheaded 
instrument development for blind flying. Doolittle exhibited the 
courage, tenacity, and intelligence needed to pull this mission off. 
He assembled a team of top-rate pilots and began planning the 
counter-attack mission in earnest.

 ► The idea was to load the aircraft carrier USS 
Hornet with B-25 aircraft for a bombing run in 
Japan. The B-25 bomber was too large to be 
able to return to the aircraft carrier, so this would 
be a one-way mission with landing in China. 

 ► Doolittle’s first challenge was to modify the 
bombers for them to take off from the limited 
confines of an aircraft carrier deck of only 824 
feet. The second critical issue was to carefully 
plan the range and fuel requirements in order 
to determine the location in the Pacific where they 
could launch the attack and still make their way to safety in China 
following the bombing run.

 ► As the Hornet was sailing westward in the Pacific toward Japan 
in April 1942, they spotted a Japanese aircraft nearby and feared 
that their clandestine mission would be exposed. Doolittle made 
the critical decision to launch the mission early. 

Jimmy Doolittle
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 ► Doolittle took the bold step of piloting the first aircraft to launch 
from the deck. The deck of the aircraft carrier was crowded with 
the other B-25s, leaving little room for a takeoff roll. Doolittle 
successfully launched, showing that it could be done, and led the 
way for 15 other B-25s to follow.

 ► Immediately following his mission, Doolittle was downcast 
because not a single aircraft had made it to a successful landing. 
They lacked sufficient fuel. However, the raid on Tokyo had gotten 
through and was a boost to morale for the American public; it set 
the U.S. on a path toward ultimately winning the war. 

 ► Instead of being court martialled, as he feared, Doolittle was 
welcomed home as a hero, ultimately being awarded the Medal of 
Honor. This seminal moment in World War II could not have been 
executed without a careful understanding and analysis of aircraft 
range and takeoff distance.

Suggested Reading

Anderson, Aircraft Performance and Design.
———, Introduction to Flight, chapter 6.
Doolittle, I Could Never Be So Lucky Again.
Hunt, Aerodynamics for Naval Aviators.
Mock, Three-Eight Charlie.
Smith, The Illustrated Guide to Aerodynamics, chapter 5.

Questions

1. Aircraft must have sufficient runway length available to accelerate up to 
liftoff speed. Suppose that an aircraft requires 1287 feet to accelerate 
along a runway up to takeoff speed at 60 knots. How much higher will 
the takeoff speed be at an airport in Leadville, Colorado (elevation of 
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about 10,000 feet, the highest airport in North America)? How much 
longer do you think the runway will need to be? (Note that the density 
at sea level is 1.225 kg/m3, while it is about 0.9 kg/m3 at 10,000 feet.)

a. 70 knots takeoff speed, with a 3376-foot takeoff distance.

b. 80 knots takeoff speed, with a 4531-foot takeoff distance.

c. 90 knots takeoff speed, with a 5538-foot takeoff distance.

2. What are the main ways that an aircraft designer can improve the 
range of an airplane?

Answers

1. The necessary speed for takeoff depends on how much lift can be 
generated at that speed. The lift equation indicates that the takeoff 
speed is inversely proportional to the square root of density, which 
varies with altitude:

L = 1⁄2 ρV 2SCL

          

We can form a ratio of the takeoff speed for sea level and high altitude, 
to see the effects of density
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So, for a 6-knot takeoff speed at sea level, the aircraft must accelerate 
up to 70 knots in Leadville, Colorado:

The required runway length will be longer in order to allow the aircraft 
sufficient time to accelerate to the higher takeoff speed. Further 
compounding this higher takeoff speed is the reduction in thrust 
output of the engine due to having less air available for combustion. 
As a consequence, the required runway length is much longer at high 
altitude airports. For example, a Cirrus SR20 may require only 1287 
feet at sea level, but 3376 feet along a runway at 10,000 feet. The 
amount of extra runway required will depend on the specific airplane 
and various features of its engines’ performance. For this example, the 
answer is a.

2. The Breguet range equation reveals that there are 3 main factors that 
affect the range of an aircraft:

The thrust specific fuel consumption (TSFC) is the fuel economy of the 
engine. The lower the value of TSFC, the more mileage the aircraft can 
get on a pound of fuel. The designer can also influence the lift-to-drag 
ratio, as well as dictate the amount of fuel carried on board (reflected 
in the ratio of initial to final weight, the difference being the amount of 
fuel burned).
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LECTURE 

14Aerobatics and Dogfighting

Depictions of dogfighting in movies give the impression that an 
extremely high level of skill is required for a pilot to outmaneuver his 

or her opponent in air-to-air combat. This is absolutely true. However, 
it’s important to recognize that this skill is not just manual dexterity with 
the control stick, an ability to sustain high g-forces, and acute perception 
of what the opponent is attempting to do. A pilot must have a clear 
understanding of the performance of his or her aircraft as well as the 
performance capabilities of the opposing aircraft. This lecture discusses 
the physics behind maneuvering in flight. 

Turning an Aircraft

 ► An aircraft turns by banking its wings, which tilts the lift vector a bit 
in the horizontal direction. If the turn is perfectly coordinated with 
both aileron and rudder, the axis of the aircraft is tangential to the 
curved flight path and there is no side force acting on the aircraft. 

 ► The radius of the turn decreases as the bank angle increases. A 
steeper bank angle will produce a tighter turn. 

 ► Additionally, turn radius increases with the square of the airspeed. 
Consider a small Cessna 172 flying at 100 knots compared to an 
SR-71 at Mach 3.5. When the Cessna is in a turn with a modest 
bank angle of 30 degrees at 100 knots, the turn radius is around 
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1500 feet. In contrast, when the SR-71 turns with the same bank 
angle, but at Mach 3.5, the turn radius is 121 miles. 

 ► Turn rate is related to how long it will take for the aircraft to complete 
a given change of heading. There are 2 primary limitations on the 
turn performance of an airplane. One is aerodynamic stall, and the 
other is the maximum load that can be sustained by the structure. 

 ■ Regarding aerodynamic stall: It’s possible to make a 1-way 
flight into a canyon or a mountain valley. This happens when 
the climb performance of the airplane is insufficient to climb 
up and over the canyon walls. And, if the canyon is tight 
enough, the required bank angle to do a 180-degree turn 
while clearing the canyon walls could lead to a stall.
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 ■ The problem of aerodynamic stall in a turn is also one of the 
biggest causes of general aviation accidents in the airport 
environment.

 ► Regarding structural loading on the aircraft: A helpful tool to 
describe the magnitude of the structural loading is termed the load 
factor, which is simply the ratio of lift to weight. The load factor is 
expressed in units of g’s, or a multiple of standard gravitational 
acceleration. For a more detailed look at the math behind this, 
refer to the video.

 ► At a certain point, defined by the aircraft design, a structure is 
not able to sustain any further loading without failure. For small, 
general aviation aircraft, this load factor limit is typically close to 4 
or 5 g’s. 

 ► For military aircraft, the maximum structural limit can be much 
higher. In fact, the limit load factor for military aircraft is typically 
set not by the aircraft but by what the pilot can sustain. A 
typical well-trained military pilot can sustain about 9 g’s before  
reaching blackout.

 ► An aircraft can sustain negative g’s as well. This results when the 
acceleration is acting in the direction opposite of gravity, causing 
everyone and everything in the aircraft to be pushed upward. 
Negative g’s are routinely encountered in aerobatic flight and 
dogfighting when a pilot pushes the nose down, creating a curved 
flight path toward the ground. 

 ► The 2 limitations on turn performance—stall and load limit—are 
commonly plotted in a way to delineate the flight envelope. The 
aircraft’s load factor is plotted against the airspeed to depict the 
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maneuvering performance envelope. This is called the V-n 
diagram. Here’s an example:

 ► At higher speeds, stall no longer limits the load factor, and 
structural limits rule. The specific value of load factor depends on 
the certification category of the aircraft. Small, general-aviation 
aircraft and commercial transport aircraft will have lower load 
factor limits than military fighter jets, for example.

 ► The point where the stall limit and the load limit meet is an 
interesting point on a V-n diagram. At this flight condition, the aircraft 
will be able to achieve optimum turn performance. Maneuvering at 
this airspeed will allow the pilot to pull the maximum g’s allowed 
by the load limit and fly as slowly as possible without stalling the 
wing. Any slower speed at this load factor would stall.

 ► The maneuver speed, as it is called, is a very important speed 
limit for a pilot to know. It’s a bit like a safety feature. If an aircraft 
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begins to fly into severe turbulence, there is a significant risk that 
the unsteady gusting winds could induce enough structural load to 
exceed the load factor limit. But if the pilot decelerates the aircraft 
to the maneuver speed or below, then a turbulent gust would 
cause the wing to stall before enough load could be applied to 
reach the structural failure limit.

Wing Loading

 ► Wing loading represents the load concentration per unit of wing 
area, with units of pounds per square foot. An aircraft designer 
can select the value of wing loading in the design process. For 
maximum turn performance for a fighter aircraft, the designer can 
push the wing loading to lower values. 

 ► However, there are other constraints on wing loading that would 
drive the designer to push towards higher wing loading. For example, 
efficient high-speed cruise flight demands higher wing loading. 

 ► There’s one other trick that can be employed to manage the wing 
loading. If a fighter jet suddenly encounters an enemy aircraft and 
prepares to engage in a dogfight, the pilot can dump fuel overboard 
to reduce the weight of the aircraft. This will reduce the wing 
loading, which allows the pilot to maneuver more aggressively and 
pull more g’s. 

Energy

 ► The most important aspect of flight that a fighter pilot must manage 
in a dogfight is energy. A fighter aircraft’s energy is comprised of 
kinetic energy and potential energy. The kinetic energy depends 
on the flight speed, while potential energy is based on the altitude 
of the aircraft. 

 ► Due to the principle of the conservation of energy, the aircraft’s 
kinetic energy can be directly traded for potential energy and 
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vice versa. Very effective dogfighting maneuvers rely on expert 
management of energy and this energy tradeoff.

 ► Some interesting maneuvers come out of the concept of energy 
management. For example, the hammerhead is an aerobatic 
maneuver where the aircraft does a pull-up maneuver, pulling g’s 
until it is climbing straight up. 

 ► In this configuration, the aircraft’s potential energy will be 
increasing very rapidly, but if the thrust-to-weight ratio for the 
aircraft is less than 1, then the kinetic energy must decrease 
during this straight-up climb. 

 ► As the kinetic energy decays to a very low airspeed, the pilot 
kicks the rudder while there is still just enough airflow over the 
control surfaces to retain flight control, and the aircraft performs a 
180-degree turn about its yaw axis. 



139The Science of Flight

 ► The aircraft is now pointing straight down, with very little kinetic 
energy but a lot of potential energy. As the aircraft dives straight 
down, it rapidly exchanges that potential energy for kinetic energy.

 ► A pilot executing a hammerhead maneuver must be careful to 
kick the rudder over before the airspeed completely bleeds off. 
If the pilot waits too long, the aircraft will start falling backwards, 
resulting in reversed flow over the wing and control surfaces. 

 ► Another interesting aerobatic maneuver is the barrel roll. If 
performed properly, the aircraft can roll about an axis parallel to 
its flight path. A barrel roll is not the same as an aileron roll, where 
the aircraft rolls about its own longitudinal axis. Instead, the barrel 
roll is more of a spiral or helical motion. Imagine that the aircraft 
wheels are continually riding along the inside of a very large barrel.

Suggested Reading

Anderson, Introduction to Flight, chapter 6.
Filippone, Flight Performance of Fixed and Rotary Wing Aircraft.
Gregory and Liu, Introduction to Flight Testing of Light Aircraft and UAVs.
Phillips, Mechanics of Flight.

Questions

1. Why does the stall speed go up in a steady, constant-altitude turn?

2. What speed should a pilot fly for maximum maneuverability?
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Answers

1. As the aircraft turns, the amount of lift produced by the wing must 
support the weight of the aircraft and provide the force necessary to 
pull the aircraft through the turn. Steeper bank angles require more 
force to pull the aircraft through the turn, in order to balance out the 
increased apparent centrifugal force. Higher bank angles require 
higher aerodynamic lift. But, a wing can only generate so much lift 
before it stalls. At a given flight speed, the stall margin goes down as 
the bank angle increases, meaning that the stall speed goes up in  
a turn.

2. The speed for best maneuverability, the so-called maneuver speed, 
is dictated by airspeed and load factor. Turn performance (reflected 
in turn rate and turn radius) is optimized by flying as slowly as 
possible and simultaneously pulling as many g’s as possible. If a 
pilot flies slower than the maneuver speed, stall in a turn will limit the 
performance before maximum g’s can be reached. On the other hand, 
if a pilot flies faster than the maneuver speed, then the higher airspeed 
degrades the turn rate and turn radius.
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LECTURE 

15
Mission Profiles 

and Aircraft Design

Aircraft designers balance many competing design requirements to 
come up with an engineered system that is often elegant and functional 

at the same time. The Wright brothers were perhaps the first true aircraft 
designers, evidenced by their methodical, data-driven decision-making 
process. They learned from each aircraft configuration that they built, and 
improved on the designs as they went along. That’s an important idea to 
recognize: Design is iterative. The design process is not a 1-way series of 
steps to follow. Instead, the design engineer makes an educated guess on 
a suitable design, and then refines and iterates on that design until there is 
convergence on a suitable solution.

Aircraft Requirements

 ► The design of an aircraft must begin with a definition of the mission 
or role that the aircraft must perform. The complete list of mission 
specifications can be very comprehensive. The list of operational 
requirements will typically include among other items:

1. Range.

2. Payload requirement.

3. Number of passengers.

4. Takeoff distance.



142 Lecture 15 • Mission Profiles and Aircraft Design

5. Landing distance.

6. Speeds for various flight regimes such as cruise, loiter, 
approach, and stall.

7. Time to climb to cruise altitude.

 ► In addition to the operational requirements, there are also 
regulatory requirements, which must be met for the aircraft to 
obtain airworthiness certification. These certification requirements 
dictate a wide range of detailed specs such as crosswind landing 
capability, stall margin on final approach, number of emergency 
exit doors, and even noise emissions limits.

 ► The entire set of basic mission requirements are often rolled 
up together into a mission profile, which portrays each stage 
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of a typical flight. For example, a commercial airliner may have 
specifications for takeoff, climb to altitude, cruise, descent, loiter, 
a landing attempt, another climb, a second short cruise segment, 
another descent, another loiter, and finally landing. 

 ► The loiter segment accounts for the extra fuel burn incurred 
if the aircraft has to circle in a holding pattern due to air traffic 
congestion. The rate of fuel burn in a hold is less than in a cruise, 
so this gets set aside with its own notional segment.

 ► A very different sort of mission profile is for a low-level strike 
aircraft. Here, the flight needs to be one continuous round trip, 
since the aircraft has no business landing in enemy territory.

 ► These mission profiles must be clearly defined by the customer’s 
requirements and the regulatory requirements in order to inform 
the weight estimates that follow.

Determining Weight and Fuel

 ► The key segments of an aircraft’s weight are the weight of the 
crew, the payload weight (which could include the weight of 
passengers), fuel weight, and the empty weight. (The empty 
weight of the aircraft is the structure, engines, and all other 
systems associated with the aircraft.)

 ► Military cargo aircraft or bombers have a fairly low empty weight 
fraction of about 0.4. This indicates that the empty weight of the 
aircraft is only 40% of the overall weight, meaning that the other 
60% is a useful load: payload, passengers, or fuel. Jet transports 
range from 55% useful load for the heaviest jets to 45% useful 
load for lighter jets. 

 ► The biggest jet fighters may have a useful load of 50 percent, 
declining sharply to 35% useful load for the smallest fighters. The 
type of seaplane known as a flying boat has an empty weight 
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fraction of about 0.7, indicating that only about 30% of the overall 
weight is the useful part. Flying boats carry a lot of dead weight 
because they have hulls that can land directly in water.

 ► The fuel fraction for a particular leg can be found by using the 
Breguet range equation. Now, the range equation requires 
estimates of the lift-to-drag ratio and the specific fuel consumption. 

 ► Once designers have an estimate of the aircraft’s weight, they can 
turn to a determination of key performance metrics. Here are 3 
that have already appeared at various points in this course:

1. The maximum lift coefficient is largely based on the airfoil 
shape selected for the wing design, and the aspect ratio of the 
wing. Additionally, the type of flaps used on a wing will also 
dictate what value of lift coefficient can be achieved. Typical 
maximum values of the lift coefficient for a wing with flaps can 
be in the range of 2 to 4.

2. The wing loading is one of the most significant tradeoffs in 
aircraft design. Lower values of wing loading will provide a 
slower stall speed. Higher values of wing loading will give a 
higher maximum speed.

3. The thrust-to-weight ratio directly affects other performance 
parameters such as the takeoff distance, rate of climb, and 
the maximum speed. Typical values of thrust-to-weight ratio 
are anywhere from 0.1 for general aviation aircraft at low 
speed to over 1 for military fighter aircraft.

Layout

 ► Layout is the step where the art of aircraft design comes into play. 
One critical question in the layout phase is the number, type, and 
location of engines that will be installed in order to meet the thrust 
requirement. 
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 ► The most common engine configuration for general aviation 
aircraft is the tractor arrangement, where the engine is mounted 
on the nose of the airplane. But there are some designs, such as 
the iconic Beech Starship, where the engine is mounted in the tail 
in a pusher configuration. 

 ► For jet aircraft, the engines are most commonly mounted under 
the wings. But some aircraft, such as the Boeing 727 or many 
Embraer regional jets, have engines mounted on the tail.

 ► Another critical question in the layout phase is the location and 
arrangement of the wing. For example, the wing can be mounted 
on the top of the fuselage, the middle of the fuselage, or on the 
bottom of the fuselage. 

 ► The span and aspect ratio of the wing are selected in order to 
optimize performance. However, wingspan can be constrained 
by some interesting and non-obvious limitations—the spacing 
between gates at airports, for example. 

 ► Wing sweep also comes into play, where the amount of sweep is 
driven by the cruise Mach number of the aircraft. The taper ratio of 
the wing, or the length of the tip chord divided by the root chord, 
affects the spanwise distribution of lift, which governs the amount 
of induced drag. 

 ► The designer must also select the configuration of the horizontal 
and vertical tail. There are a number of options for the placement 
of the horizontal tail:

1. On the fuselage, as on a Boeing 737, which is the conventional 
configuration appearing on about 70% of all aircraft.

2. Midway up the vertical tail. This is known as a cruciform 
configuration, as on a Cessna Citation Sovereign or Dassault 
Falcon.
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3. On top of the vertical tail. This is known as a T-tail, as on a 
Boeing 727 or Embraer RJ145.

 ► The advantage of a conventional tail is structural weight savings 
due to the common mounting point for both tails. The T-tail, 
however, is often required when aft-mounted engines are present 
in order to keep the horizontal tail out of the engine exhaust path.

 ► Finally, the designer needs to determine the location and retraction 
mechanism for landing gear. The landing gear must be carefully 
located such that there is minimal risk of a tail strike when the 
aircraft rotates about the main gear on takeoff. The gear can’t be 
too far forward.

 ► Additionally, the center of gravity needs to be forward of the main 
gear; otherwise, the aircraft will tip back and rest on its tail when 
on the ground.
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Surprising Constraints

 ► The design of an aircraft can become constrained by surprising 
things. For example, consider the size of the vertical tail.

 ► Commercial airliners are designed and built as a family of 
aircraft. Take the Boeing 737, for example, where there are some 
differences between the specific models within the family. There 
was a major engine upgrade between the 737-200 and 737-300. 

 ► The 737-800 is a stretched-out version of the older 737s, which 
was achieved by simply inserting extra fuselage sections to 
extend the length. Both re-engining and stretching are relatively 
easy changes to make. 

 ► In the 737 family, though, the size of the vertical tail is exactly the 
same for all of the aircraft. The stretched versions have a longer 
moment arm, so one might think that the size of the vertical tail 
could be smaller, since less force would be needed to generate 
the same moment.

 ► However, there’s one really important reason why the tail size 
doesn’t change: cost. The aircraft manufacturer is hoping to 
change as little as possible between different aircraft in the same 
family, so that the same tooling and parts can be used between 
different aircraft in the fleet. This has dramatic cost savings for  
the manufacturer. 

 ► The downside of this approach is that the vertical tail for all but 
the shortest version in the family is too large. That’s extra weight, 
extra drag, and extra cost on every flight—but that extra cost is 
more than offset by the cost savings achieved in manufacturing 
and maintenance synergy.
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Biplanes

 ► Biplanes long ago fell out of favor for general use, but airshow 
pilots still use them for high-performance flying. Once monoplanes 
became feasible, they replaced biplanes for the most part, largely 
owing to the low-drag capabilities a monoplane design has.

 ► But aerobatic aircraft must sustain very high g’s in tight maneuvers. 
Those load factors induce very strong bending moment from the 
wings to the fuselage. 

 ► The biplane configuration offers substantial advantages when it 
comes to structural strength. Also, highly maneuverable aircraft 
should have low wing loading. Low wing loading demands that 
the wing must be large, which further exacerbates the wing root 
bending problem. 
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 ► If the aircraft had a single large span wing, the moment of inertia of 
that configuration would limit the roll rate, just like an ice skater’s 
spin rate decreases when his or her arms are stretched out. 

 ► Finally, these aerobatic aircraft aren’t built for high speed, so the 
drag penalty isn’t as much of a concern. So, for highly aerobatic 
aircraft, the net benefit tips back in favor of a biplane configuration 
instead of a monoplane. It is the aircraft design process that 
always reveals and addresses these kinds of trade-offs. 

Suggested Reading

Anderson, Aircraft Performance and Design.
Raymer, Aircraft Design.

Questions

1. Why are most commercial airliners remarkably similar in their layout 
and design?

2. If you were to design an aircraft to routinely fly from Sydney to London 
non-stop (the longest possible city pair on Earth), what sacrifices might 
you have to make in the design of the airplane? How might the airplane 
be different from those flying today?

Answers

1. The most significant design features of commercial aircraft are all 
very similar: They carry similar numbers of passengers over similar 
distances at about the same speed. So, the weight of the aircraft 
will be approximately the same for a given number of passengers. 
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The sweep angle of the wings is similar, since the aircraft cruise at 
the same Mach number, and the critical Mach number must be raised 
by the same amount. Engines are most often mounted under the 
wing on commercial airliners due to the structural synergy of tying 
together heavy structure for the wing, engine, and landing gear in a 
similar location. The wing is mounted low on the fuselage to permit 
easy access for refueling from ground-level trucks. A tubular fuselage 
is the most structurally efficient design for containing the pressure 
difference between cabin pressure and low pressure at altitude. With 
all of these constraints (and many more), it’s no wonder that most 
commercial airliners all look very similar. It’s a classic example of form  
following function.

2. A long-range aircraft will have to make a tradeoff between fuel and 
payload (i.e., passengers). Fewer seats would be installed for the 
reduced passenger load and weight, allowing the aircraft to tank up 
with more fuel. The challenge of carrying fewer passengers is the loss 
of revenue.

 The other option is to carry a full load of passengers, but then the 
fuel requirements become massive. This drives up the overall size, 
weight, and cost of the airplane, making it less efficient. Both of these 
scenarios make it difficult for the airline to operate an economically 
viable long-haul non-stop route. Instead of paying more for the direct 
flight, passengers would opt for the cheaper 1-stop flight.
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LECTURE 

16Primary Cockpit Instruments

Some of the most adventurous and risky flying at the dawn of aviation 
was carrying airmail. One particular problem: After a short period of 

time in the clouds, pilot after pilot would inexplicably enter into a spiral dive, 
exiting the bottom of the cloud in a screaming dive that would result in a 
crash. The reason: It is nearly impossible to keep the wings level without 
some kind of visual reference for the horizon. The fix was a special set of 
cockpit instruments developed by Jimmy Doolittle—the same man who led 
the 1942 raid on Tokyo. This lecture starts with a look at those instruments, 
then moves on to cover other major cockpit instruments.

Three Instruments

 ► Doolittle’s contribution was to guide the development of the 
following 3 critical instruments:

1. An artificial horizon, which would faithfully provide a 
representation of the pitch and roll of the aircraft relative to the 
horizon. Lawrence Sperry is the key person who developed 
the artificial horizon, also with input and encouragement from 
Doolittle. 

2. A sensitive altimeter, with resolution in height of 100 feet 
or better, and tunable for local barometric conditions. The 
altimeter was developed by Paul Kollsman, again with input 
from Doolittle. 
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3. Radio beacon navigation aids, which would allow the pilot to 
precisely line up with the end of a runway. 

 ► On September 24, 1929, Doolittle had assembled some dignitaries 
for a technology demonstration on a separate project for clearing 
fog. That demonstration ended in failure, but Doolittle decided to 
try to salvage the morning and attempt the first ever blind flight in 
an aircraft. 

 ► His precision instruments and precision flying enabled him to 
successfully demonstrate blind flying for the first time. Since only 
3 new instruments were needed, this technology was rapidly 
adopted for time-critical flights such as mail delivery, and then 
more broadly for all of aviation.



153The Science of Flight

Instrument Sets

 ► There are 4 main types of instruments in the cockpit. First, and 
most important, are the instruments that allow the pilot to keep the 
aircraft flying in a safe orientation and away from the edges of the 
flight envelope, where trouble would occur. This lecture focuses 
mostly on these primary flight instruments. 

 ► The second set of instruments monitor various systems on board 
the aircraft, including critical functions such as engine performance 
and cabin pressurization. The third and fourth categories are 
for navigation and communication, which are the focus of the  
next lecture.

 ► There are 2 distinct generations of aircraft instruments. Traditional 
instruments are all mechanical, with round dials that display the 
information. These are colloquially referred to as steam gauges, 
despite the fact that they have nothing to do with steam. Modern 
instruments are digital presentations of the data on computer 
screens. These are commonly referred to as glass panel displays.

The Six-Pack

 ► The core of the instrument panel for a traditional display is a set 
of 6 instruments, commonly known as the six-pack. In the center 
of the top row is the attitude indicator, which displays information 
about the aircraft’s orientation relative to the ground. Surrounding 
this are the airspeed indicator, altimeter, turn coordinator, heading 
indicator, and vertical speed indicator. 

 ► The altimeter indicates the aircraft’s altitude by measuring air 
pressure from the side of the airplane. Air pressure decreases with 
altitude.

 ► An altimeter might be affected by the daily variations in barometric 
pressure associated with weather patterns. But there are some 
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methods to take care of this. First, the altimeter has the provision 
for setting a reference pressure, which can be set to the local 
barometric pressure reading. 

 ► The setting of this reference pressure shifts the calibration of the 
altimeter, so that it reads the appropriate altitude. Throughout a 
flight, the pilot must continually update the altimeter’s reference 
pressure in order to maintain the correct altitude reading. 

 ► In order to help pilots with this function, air traffic control will 
provide the local barometric pressure reading any time an aircraft 
comes into its airspace, or any time there is a change in pressure. 

 ► Constantly updating can be a bit cumbersome for high-speed 
aircraft that are quickly traversing across weather systems. For 
this reason, any pilot flying above 18,000 feet within the U.S. 
will set the altimeter to a reference pressure of 29.92 inches of 
mercury, which is standard sea level pressure. Therefore, all of 
the pilots flying above 18,000 feet are knowingly flying with a mis-
calibrated altimeter. This doesn’t matter, since there are so few 
ground obstacles above that altitude. 

 ► Instead, the primary concern is to maintain proper vertical separation 
between aircraft. If 2 aircraft were to fly on a collision course 
with altimeters set to different reference pressures, causing one 
supposedly at 21,000 feet to be too high and the other supposedly 
at 22,000 feet to be too low, then there could be significant risk of a 
mid-air collision. Instead, there is better safety if everyone flies with 
the same reference pressure on their altimeter.

 ► When an altimeter is set to 29.92 inches of mercury, the reported 
altitude is known as pressure altitude. This is basically the altitude 
above sea level if the barometric pressure were 29.92.

 ► In order to avoid confusion between altitude indications below or 
above 18,000 feet, the altitudes above that limit are referred to as 
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flight levels. There are discrete layers of the upper atmosphere, 
ranging from flight level 180 for 18,000 feet all the way up to flight 
level 600 for 60,000 feet. Each aircraft flies as a discrete flight level. 

 ► Another instrument, the airspeed indicator, measures the 
difference between total pressure and static pressure, which is 
the dynamic pressure. This instrument helps the pilots keep the 
aircraft within the operating envelope: lower than the maximum 
speed limited by the aircraft structure and higher than the minimum 
speed dictated by aerodynamic stall. 

Crash Data

 ► Aircraft have 2 types of data recorders, 1 for flight data and 1 for 
cockpit sounds. Both units are required to be on all aircraft that 
have 20 or more passenger seats, and on turbocharged aircraft that 
require 2 pilots for operation and have at least 6 passenger seats.

 ► Even though these units are colloquially known as black box 
recorders, they’re actually painted bright orange in order to help 
disaster response crews quickly locate the units in the wreckage.



156 Lecture 16 • Primary Cockpit Instruments

 ► The flight data recorder makes a digital record of a host of 
information about the aircraft condition, including, altitude, velocity, 
and location. Other information includes pitch, roll, and yaw; 
positions of the aircraft controls and the control surfaces; autopilot 
mode; engine thrust setting; and so on. U.S. regulations require a 
minimum of 88 different data streams to be recorded. Nearly every 
relevant parameter is streamed in real-time to the recorder, which 
stores data on a rolling loop for about 24 hours.

 ► The cockpit voice recorder makes an audio recording of all 
sounds present in the cockpit for a period of up to 2 hours prior 
to the crash. Four separate audio channels are acquired, which 
can include microphones from pilots, radio communications, and 
general cockpit sounds.

Other Instruments

 ► The vertical speed indicator measures the rate of climb or descent 
by monitoring the rate of change in static pressure and performing 
a comparison with a calibrated leak within the instrument. 

 ► The other 3 instruments in the standard six-pack are based on 
gyroscopic principles. A spinning gyroscope operates based on 
the conservation of angular momentum, which keeps the axis of 
rotation fixed in space. Aircraft instruments rely on gyroscopic 
principles by allowing the aircraft to rotate around a spinning gyro. 

 ► The most critical instrument with a gyro is the attitude indicator. 
This is the artificial horizon that Jimmy Doolittle developed, which 
provides a visual reference of the horizon for the pilot, no matter 
what the visibility conditions are outside the airplane. 

 ► The heading indicator provides the exact same function as a 
compass. The instrument indicates which direction the aircraft is 
going based on azimuthal heading, or the compass direction in 
which the aircraft is heading. (All aircraft also have a compass on 
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board, but compasses are tough to read in turbulence and can be 
inaccurate during turns or acceleration.)

 ► The final instrument in the six-pack is the turn coordinator, which 
provides an indication of the rate of turn of the aircraft and whether 
the bank and yaw are in coordination. A coordinated turn will have 
some deflection of the rudder to keep the tail following along the 
direction of the turn, instead of slipping or skidding through the 
turn where the tail is on the inside or outside of the flight path.

 ► The markings on the instrument directly show which way the aircraft 
is turning and the rate at which it is turning. The rate indication is 
useful for flight in instrument conditions (weather conditions in 
which the pilot needs to rely primarily on instruments instead of 
vision). The turn coordinator can help the pilot keep a manageable 
turn rate, which is typically 3 degrees of heading per second.

Modern Cockpits

 ► There has been a revolution in cockpit design represented by glass 
panel avionics. The basic physics underlying the operation of the 
instruments is the same: The same pressures are measured, and 
the same gyroscopic principles are at work. 

 ► However, 2 differences are the reliability of the measurement 
methods and the manner in which the information is displayed. 
Solid-state electronics offer much greater reliability, particularly 
for the gyro-based instruments that would often suffer from 
mechanical failure. And the information is displayed in a much 
more integrated and expansive fashion. 

 ► For example, the artificial horizon on the attitude indicator is 
expanded out from a 2-inch diameter gauge to fill the entire 10-inch 
computer screen on a glass panel. This allows the pilot to interpret 
the display via peripheral vision, without needing to stare at it. 
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 ► The airspeed and altitude are represented by a vertical strip on 
either side of the display, which gives both a digital readout and a 
moving ticker graphical display. 

 ► Rates of change of airspeed or altitude are indicated by magenta 
trend lines alongside each ticker display. Similarly, the heading 
indicator is displayed by a round dial at the bottom of the glass 
panel. 

 ► The turn coordinator information is depicted along the top of the 
display, with a triangle that lines up when the turn is coordinated.

Suggested Reading

Doolittle, I Could Never Be So Lucky Again.
FAA, Instrument Flying Handbook.
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———, Pilot’s Handbook of Aeronautical Knowledge, chapter 8.
Groom, The Aviators, chapter 7.
Langewiesche, “The Human Factor.”
Long, et al., In the Cockpit.
———, In the Cockpit II.

Questions

1. What physical quantity do the altimeter, airspeed indicator, and vertical 
speed indicator measure?

2. If the pitot probe ices over completely at low altitude, and the aircraft 
continues in a steady climb, what will the airspeed indicator indicate?

Answers

1. All 3 measure pressure. The altimeter measures freestream static 
pressure through a port on the side of the airplane and converts 
that pressure to an indicated altitude via knowledge of the standard 
atmosphere. The airspeed indicator measures a difference in pressure 
between the freestream static pressure port and the total pressure 
measured at the tip of the pitot probe. This pressure difference, 
termed the dynamic pressure, is converted to airspeed by the Bernoulli 
equation. The vertical speed indicator measures a rate of change of 
freestream static pressure, and converts this to a climb or descent rate 
through the standard atmosphere.

2. A pitot probe that ices over completely at low altitude will trap the high 
value of total pressure found at that altitude. As the aircraft climbs, 
the freestream static pressure will drop, so the measured dynamic 
pressure (difference between total and static) will increase. This 
artificially high dynamic pressure will result in an erroneous indication 
of high airspeed to the pilot.
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Air Traffic Navigation 
and Communication

LECTURE 

17

There are 2 main ways that those on the ground can be of assistance 
to pilots. The first is making sure that aircraft don’t collide with one 

another, or with the ground. The second role is to help pilots find their way, 
successfully navigating to the desired destination. In the United States, both 
functions are provided by the Federal Aviation Administration (FAA), which 
was formed in 1958 after a tragic mid-air collision of 2 commercial airliners 
over the Grand Canyon on June 30, 1956. This lecture focuses on the U.S. 
system, but similar systems have come into place around the world.
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Air Traffic Control Duties

 ► The purpose of air traffic control (ATC) is all about ensuring the 
separation between aircraft for safety of flight. Air traffic controllers 
issue instructions to aircraft, telling pilots which direction to fly; 
whether to climb, descend, or remain at a specific altitude; and in 
some cases what speed to fly. They’re responsible for controlling 
an aircraft’s 4-dimensional trajectory: latitude, longitude, altitude, 
and speed.

 ► A network of controllers works together to keep things moving. For 
example, on a typical flight from New York to Chicago, a pilot at 
the gate may talk first with clearance delivery, where the specific 
routing of the flight is conveyed to the pilot. 

 ► Then, the pilot calls up ground control and gets clearance to taxi, 
with a series of instructions of the exact taxiway route to follow, 
and clearance for runway crossings. As the pilot reaches the end 
of the runway, a handoff is made to the control tower, which clears 
the aircraft for takeoff. 

 ► Then, just moments after the aircraft leaves the ground, the tower 
hands the plane off to departure control. This controller gets the 
aircraft up and away from the airfield. And then, the flight may be 
handed off through other controllers, all in the same radar room, 
as they cover different sectors of the airspace. 

 ► Finally, as the aircraft climbs to higher altitude, control of the 
flight is handed off to an air route traffic control center, which has 
management of a fairly broad swath of the country.

 ► Our notional flight from New York to Chicago would pass through 
the New York, Cleveland, and Chicago centers, all with several 
controllers working various sectors within each center, before 
being handed off to Chicago approach control. At this point, the 



162 Lecture 17 • Air Traffic Navigation and Communication

sequence of control handoffs is reversed until the aircraft lands 
and taxis up to the gate. 

Hazards

 ► The baseline for air traffic control is safety of flight. But the 
controllers also want to get as many aircraft through at a time, and 
have little patience with those who clog up the system.

 ► The Eastern metropolitan areas of the United States are a highly 
congested environment, due not just to the number of planes, but 
also the need to maintain the required separation between planes. 

 ► The most dramatic disruption to air traffic was on September 11, 
2001, when terrorists struck the U.S. air transport system. Shortly 
after planes struck both towers of the World Trade Center, the FAA 
ordered a ground stop for all aircraft that would transit New York 
airspace but had not yet taken off. 

 ► This happened at 9:06 am, just 3 minutes after the second plane 
struck the south tower. At 9:42 am, following the crash of the third 
aircraft into the Pentagon, the national operations manager of 
the FAA, Ben Sliney, issued an order that all air traffic must be 
grounded immediately. This was the first time that the airspace 
had been completely cleared. 

 ► Air traffic controllers scrambled to re-route aircraft to the nearest 
destination. Over 3000 flights landed in a very short period of time. 
By 12:16 pm, the FAA reported that all craft told to land had done 
so, and by 12:30 pm only 50 aircraft were flying in U.S. airspace. 
Air traffic controllers performed admirably in the face of this truly 
exceptional adversity. 

 ► On a more routine basis, though, weather events such as 
thunderstorms or blizzards are the biggest culprit for disrupting 
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air traffic control. For example, if there are strong wind gusts at 
a busy airport such as Reagan National, an aircraft attempting to 
land might have to abort the landing and go around. 

 ► Suddenly, this go-around gums up the works, since the controllers 
have to issue instructions to this aircraft and work it back into 
the flow. If that happens to 2 or 3 aircraft in a row, the controllers 
now have to work extremely hard to move airplanes around to 
accommodate the disruption. 

 ► As a result, some aircraft may need to divert to other nearby 
airfields, since their fuel reserves are too low to tolerate long delays. 

Coordination

 ► The FAA has mandated a new form of transponder, called 
automatic dependent surveillance–broadcast, or ADS-B. In the 
ADS-B system, aircraft make periodic digital broadcasts with their 
position, altitude, speed, and other identifying information. 

 ► These position reports are transmitted by the aircraft on either the 
1090 MHz transponder band or on a separate frequency of 980 
MHz. The critical development here is that the position reports are 
initiated by the aircraft, broadcasting its position at regular intervals, 
as opposed to the ground-based stations initiating the exchange.

 ► The FAA has ground stations set up across the country, providing 
nearly 100% reception coverage of ADS-B data transmissions 
from aircraft. The advantage of this setup is that all aircraft with an 
ADS-B receiver on board will be able to receive position reports 
from all other aircraft in the vicinity. This enables each pilot to 
have a virtual radar scope in his or her own cockpit, which greatly 
enhances awareness of other aircraft in the area.
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Warnings

 ► Even though air traffic controllers do an amazing job of keeping 
aircraft separated, there are still instances where controllers 
make mistakes. In these situations, it’s helpful to have some 
kind of backup system that will alert pilots to the presence of  
imminent danger.

 ► This is the purpose of the Traffic Collision Avoidance System 
(TCAS). Operating independently of air traffic control, the TCAS 
monitors the transponder signals of other aircraft. The TCAS 
determines the location of other aircraft in the area and displays 
this information to the pilot.

 ► If 2 aircraft are on a collision course, there is little time to waste 
before conducting an emergency evasive maneuver. And if, by 
chance, both pilots decided to take evasive action in the same 
direction, a collision would still occur. So, the TCAS systems 
on the 2 aircraft actually coordinate with one another to issue 
complementary resolution advisories in both cockpits. 

 ► One aircraft will receive an urgent message to climb, and the other 
will receive an urgent message to descend. Pilots are expected to 
immediately comply with these instructions, even if ATC is telling 
them to do something different.

Ground-Based Navigation Aids

 ► Ground-based navigation aids work in conjunction with systems 
on board the aircraft. These navigation aids all rely on radio 
communications. There are several different system concepts.

 ► The first is a non-directional beacon, referred to as a NDB. It’s 
a simple radio transmitter positioned at a known location. NDB 
direction finding provides the relative bearing to the pilot. This is 
the direction to the NDB, relative to the aircraft’s direction of flight.
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 ► The relative bearing of the aircraft to the station is only somewhat 
useful. It does allow the aircraft to navigate from station to station 
by keeping the aircraft heading in the direction that the needle is 
pointing. However, a single NDB station doesn’t really tell the pilot 
what the aircraft location is. Simultaneous transmissions from 2 
different NDB stations are needed. The pilot would have to plot the 
relative bearing from each on a map, and then find where the two 
bearings cross to indicate the aircraft position.

 ► This practice is known as radio triangulation. The accuracy of the 
technique is somewhat limited and the method is time consuming. 

 ► So, transitioning into the 1930s and 1940s, another technique was 
developed in the very high frequency (VHF) band, between 108 
and 118 MHz. The VHF Omnidirectional Radio Range, or VOR, 
system has several advantages over NDBs. Signals in the VHF 
range are much less susceptible to interference and the vagaries 
of radio propagation. And much of the system complexity is shifted 
to the ground station, so the aircraft-based system takes a more 
passive approach. Furthermore, the orientation of the aircraft with 
respect to the ground station no longer matters.

 ► An aircraft infers its location by comparing phase differences 
between 2 signals emitted by the VOR station. VOR stations 
quickly gained in popularity, leading to thousands of installations 
around the world for aircraft navigation.

 ► VORs provide precise information on the bearing between the 
station and the aircraft, but still do not provide a fix (position) for 
the aircraft unless 2 separate VOR stations are simultaneously 
received and triangulated. The need for determining a precise 
aircraft fix is filled through distance-measuring equipment, or DME. 

 ► DME operates in the 960 to 1215 MHz band, and is a system 
where the airborne equipment actively interrogates the ground-
based hardware. It’s basically a call-and-response system, where 
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the delay associated with the response can be converted into a 
line-of-sight distance. 

 ► There are 126 separate channels available, with each channel 
capable of simultaneously handling multiple aircraft. This allows 
a single DME station to handle hundreds of aircraft before losing 
signal. The aircraft DME equipment performs the interrogation by 
transmitting a string of pulse pairs. 

 ► After the ground signal detects interrogation pulses from the 
aircraft, and after waiting for a fixed time delay, it responds with an 
equivalent pulse train. The aircraft detects the pulse pairs from the 
ground station and finds the transmission time between aircraft and 
ground station. This time is then converted to distance by the speed 
of light, which is 1 nautical mile for each 12.36 microseconds.

 ► VOR and DME stations are often co-located, since the combination 
of the 2 pieces of information allows the pilot to precisely define 
the aircraft location.

 ► With this network of NDB, VOR, and DME stations, the FAA set up 
a routing structure. Aircraft could plan a flight from one destination 
to another based on these radio navigation aids that formed a 
complex crisscrossing web of routes across the country.

Suggested Reading

FAA, Pilot’s Handbook of Aeronautical Knowledge, chapters 14–16.
———, Instrument Procedures Handbook.
Langewiesche, Inside the Sky.
Vanhoenacker, Skyfaring.
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Questions

1. Decode the following ATC transmission: “Cirrus 456 Papa Kilo, Ohio 
State Tower, on departure fly heading three six zero, cleared for 
takeoff, runway two seven left.”

2. Which of the following is a runway number that you will never see?

a. 10

b. 22C

c. 41

Answers

1. “Cirrus 456 Papa Kilo” is the identification of the aircraft being called. 
It’s an aircraft manufactured by Cirrus, and the tail number is N456PK. 
The international phonetic alphabet is used any time individual letters 
are spelled out.

“Ohio State Tower” is the ATC facility making the radio call. In this case, 
it’s the control tower at the Ohio State University airport.

“On departure fly heading three six zero” are the instructions to the 
pilot on the heading to fly once the aircraft has taken off and is at an 
altitude sufficiently high (about 500 feet or so) to make a turn onto that 
heading. The heading here is enunciated 1 digit at a time. This would 
be a heading of 360 degrees, which is a magnetic heading of due north.

“Cleared for takeoff, runway two seven left” is the most critical 
segment of this transmission, so it is saved for last. The pilot is cleared 
(approved) for takeoff on runway 27L, which is the left runway with a 
heading of 270 degrees.
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2. Runway numbers are aligned with points of the compass. Runway 
headings are rounded to the nearest 10 degrees to obtain the 
number). An aircraft sitting on runway 10 will have a heading of 100 
degrees. An aircraft on runway 22C would be on the middle of three 
parallel runways, each with a heading of 220 degrees (the “C” denotes 
“center”). A runway 41 would never be seen, since it would imply a 
heading of 410 degrees, but the compass headings only range from 0 
to 360 degrees. Thus, the valid set of runway numbers spans from 1 to 
36. The answer is c.
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LECTURE 

18Flight Autonomy and Drones

The automation capabilities of modern commercial aircraft are stunning. 
For example, once a commercial airliner has begun its takeoff roll, it’s 

possible for the aircraft to complete the entire flight without the pilot ever 
touching the controls. The onboard flight-management system, along with 
an autopilot and an autoland system, is capable of guiding the aircraft 
through the national airspace based on the navigation aids, following the 
intended route programmed in by the pilots. This lecture takes a look at 
technology like that, then turns to drone flight.

The Cat IIIb Approach

 ► When the outside visibility is extremely poor, automation is 
required for continued flight operations, with help from the air-
transportation network described in the previous lecture. 

 ► When visibility is low, a suitably equipped aircraft can fly what 
is called a Cat IIIb approach all the way to landing. Under these 
procedures, the aircraft lines up to land on the runway based on 
radio signals provided by the airport facility. 

 ► The level of reliability of this is so high that the pilots are generally 
required to keep their hands off the controls while flying a Cat IIIb 
approach. Instead, they carefully monitor the progress of the aircraft 
to make sure that everything is proceeding according to plan. 
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 ► This so-called autoland feature is so accurate that the system 
typically performs better than a pilot who is manually flying the 
aircraft. An unfortunate side effect, though, is that these high 
levels of automation can lead to a deterioration of a pilot’s “stick 
and rudder” skills: the ability to manually fly the aircraft.

Military Drones

 ► Pilots are also a consideration in unmanned aircraft, or drones, 
such as the U.S. military’s Predator and Global Hawk drones. While 
there is no pilot on board these aircraft, there is a pilot on the ground 
guiding the aircraft and making decisions. In fact, the drones that 
the military uses are more properly thought of as remotely piloted 
aircraft (RPA), since there continues to be a pilot involved.

 ► RPA operators, as they are called, describe the warfare that 
they engage in in very intimate terms. Using the high-resolution 
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cameras on board their aircraft, they spend hours upon hours 
tracking their suspects. 

 ► When a military commander makes the critical decision to launch 
a strike, the RPA pilot is the one who actually pulls the trigger 
to launch a missile toward the person that they may have been 
tracking for weeks on end. 

 ► Then, after a full shift of surveillance and launching missiles, 
the RPA pilot, who is often based in the U.S., will go home and 
participate in daily life such as a family dinner or taking their kids 
to soccer practice. 

 ► This is a jarring shift in realities, where the pilot is engaged in 
armed combat one moment and then relaxing with family the next. 
This dynamic has been virtually unthinkable in the history of armed 
conflict, but is now a reality with these remotely controlled aircraft.

 ► There is actually a huge crew involved in each RPA flight, even 
though no one is on board the aircraft. For example, the Reaper 
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drone requires a ground crew of over 100 people to support 
the mission as pilots, sensor operators, launch and recovery 
personnel, mission control, and maintenance staff. 

 ► The involvement of huge numbers of people is why the military tends 
to avoid describing these aircraft as unmanned aircraft, unmanned 
aerial vehicles (UAVs), or unmanned aircraft systems (UASes). 

Uses of Drones

 ► Drones have many applications, both military and non-military. 
First are applications where piloted aircraft have been doing 
the job, but safer, cheaper, or more reliable operations can be 
achieved. Examples include surveillance, aerial photography, crop 
dusting, and certain kinds of infrastructure inspection. 

 ► Second, are new applications that would not be possible without 
drones. One example is small-scale, local delivery. Aerial imagery 
is being transformed by the unique vantage points that were never 
accessible until small-scale drones came along. And close-in 
inspection of critical infrastructure can now be done more safely and 
efficiently using drones instead of putting people in harm’s way.

Technical Challenges

 ► The most critical technology related to drones is the radio link. It’s 
the virtual tether that connects the vehicle to the ground, enabling 
the pilot to maintain positive control of the aircraft. If this link 
doesn’t remain intact, the drone goes rogue and can behave in 
unpredictable ways. 

 ► Modern drone aircraft rely on both direct line-of-sight radio 
communications for close-in operations of the drone, as well as 
satellite communications for long-range operations.
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 ► The satellite-communications links pose some interesting 
technical challenges. First is the inherent latency of the link. When 
the signal traverses the long distance up to space and back down 
to the drone, there can be a delay before the vehicle can respond. 

 ► Another critical satellite challenge is increased risk for a lost 
link. The antennas on board the drone need a clear view of 
the satellite in order to maintain the radio link. However, as the 
vehicle maneuvers, the directionality of the antennas will be out of 
alignment with the satellite and the weak signal can easily be lost.

 ► Finally, a major technical challenge for any radio link is to maintain 
its security. If multiple drones are operating in the same vicinity, 
then there is increased risk of mutual radio interference unless 
some thoughtful strategies are employed to de-conflict the signals. 

 ► A link can be susceptible to intentional interference, or jamming. 
If any hostile actor tries to interfere with or even hijack the signal, 
then the drone can be drawn under illicit control.

 ► Another major technical challenge with drones is maintaining 
situational awareness for the pilot. It’s easy to install cameras on 
board a drone, but even cameras provide only a limited view of the 
surroundings. 

 ► So, this ability to detect other aircraft and obstacles in the vicinity 
of a drone is a critical technology challenge. Collision avoidance is 
also referred to as detect-and-avoid or sense-and-avoid. 

 ► Some technologies and approaches are available for detect-
and-avoid. One example is the ADS-B transponder discussed in 
the previous lecture, since all aircraft with ADS-B will have the 
situational awareness of other aircraft in the vicinity. However, 
there are some limitations, especially because the ADS-B mandate 
is not a universal requirement. 
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 ► Another solution is to install radar systems on board the aircraft to 
provide surveillance of the surrounding area. Radar systems are 
readily available on large-scale aircraft. There are also systems 
small enough for drones to carry.

Small-Scale Drones

 ► Small-scale drones first burst onto the scene around 2013. The 
development of small-scale drones such as quadcopters has 
largely been enabled by the revolution of smart phone technology 
of the late 2000s. Three key technological developments for 
smartphones have been leveraged for drones:

1. Battery capacity saw rapid advancement in a short period of 
time. The energy density of storage devices such as lithium 
ion batteries dramatically improved from around 100 watt-
hours per kilogram in the mid-1990s to 200 watt-hours per 
kilogram in the mid-2000s. Meanwhile, the cost dropped from 
almost 2 dollars per watt-hour in the mid-90s to less than 50 
cents per watt-hour in the mid-2000s.

2. The cost and performance of inertial measurement units, 
or IMUs, have dramatically improved over the same time 
period. IMU sensor suites with 3-axis accelerometers, 3-axis 
gyroscopes, 3-axis magnetometers, and pressure transducers 
are available. These sensor suites allow the unmanned 
aircraft to maintain stable flight, with precise determination of 
vehicle attitude.

3. The continual evolution of global navigation satellite systems, 
such as the American GPS network or the Russian GLONASS 
system, has allowed high-precision positioning. While GPS 
has been around for a while, low-cost chip sets with low power 
consumption are now commonplace due to the smartphone 
revolution.
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 ► Small-scale drones are much more maneuverable than large, 
manned aircraft. They are much lighter and have a much lower 
moment of inertia. However, this higher maneuverability comes at 
a cost. Small drones are much more susceptible to wind gusts. 

 ► The aerodynamics of small-scale flyers is also much more 
challenging. When the characteristic length scale of the drone—
for example, its rotor diameter—is small, then the viscous effects 
of air become much more significant. The viscous effects alter the 
location of separation on the blade, which drives up the power 
requirements for the drone to hover.

 ► Many of the smallest drones, called micro-air vehicles, actually 
exploit the unsteady viscous effects of air, just like birds and 
insects do. Flapping wings will allow the dynamic separation event 
to occur. The separated flow rolls up into a tornado-like vortex 
over the wing, which induces locally high-speed flow, and with it, 
low pressure acting on the wing. 

 ► Flapping-wing flight can actually be a more efficient approach for 
these small-scale flyers. One of these is even made to look like 
hummingbird, for use in close-in reconnaissance.

 ► Key technologies enable safe operation of small drones capable of 
flying well beyond an operator’s line of sight. Here, the requirements 
for safety are accurate navigation and collision avoidance. 

 ► Many people assume that GPS is a complete solution to allow 
safe flight of aircraft. But there are certain situations where GPS is 
not reliable enough. For example, there is an urban canyon effect 
for GPS. This happens when the signals from the satellites are 
reflected off adjacent buildings, and the receiver picks up multi-path 
signals in addition to the direct, line-of-sight signal from the satellite. 

 ► Since GPS depends on the time of flight of that signal, multi-
path reflections result in errors in the computed position. Also, 
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since GPS relies upon weak signals, it’s not difficult at all to jam 
a GPS signal by transmitting an interfering signal. Finally, if we 
want to operate a drone indoors, we have to rely on some other 
positioning scheme since the GPS signals don’t penetrate the 
walls and ceilings of most buildings.

 ► What can be done in an environment where GPS is degraded 
or denied? Drones’ inertial measurement units allow them to 
determine their instantaneous orientation. The magnetometer, 
gyroscopes, and accelerometers on these units provide 
information about the magnetic field, angular rates, and 
accelerations experienced by the drone along all 3 axes. 

 ► The 3-axis magnetic field data is useful since it provides insight into 
the orientation of the vehicle within Earth’s inertial frame, basically 
indicating direction like a compass points to the North Pole. 

 ► These 3 data sets can be fused together, and using the basic 
principles of Newtonian mechanics, the vehicle’s acceleration and 
angular rate can be integrated over time to find where and how the 
vehicle has moved from its starting point. This is the same idea 
for navigation that satellites and submarines use, since they also 
operate in environments where GPS is denied.

Suggested Reading

Austin, Unmanned Air Systems.
Beard and McLain, Small Unmanned Aircraft.
Fahlstrom and Gleason, Introduction to UAV Systems.
Langewiesche, “The Human Factor.”
Marshall, et al., Introduction to Unmanned Aircraft Systems.
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Questions to Consider

1. Compare an aircraft with no pilot and an aircraft with a remote pilot. 
What unique challenges are associated with each? How similar or 
different are their respective challenges?

2. What are the reasons behind the explosion of interest and capability of 
consumer drones in about 2013?

Answers

1. A remotely piloted aircraft is still under full control by a human pilot, but 
that pilot is located on the ground or in some other aircraft. Enhanced 
sensing is needed to provide that pilot with situational awareness to 
avoid collisions with objects on the ground or other aircraft. Also, a 
remotely piloted aircraft must have a robust control link between the 
vehicle and the ground station, in order to maintain positive control 
at all times. An aircraft with no pilot at all, however, must have much 
higher level of autonomy to make decisions in real time regarding an 
unstructured and dynamic environment. And even though a vehicle 
may have high-order autonomous functioning, there must always be a 
human with executive function governing drone flight.

2. There was a convergence in available technologies to make the 
flight of small UAVs possible, and cell phones were the prime driver 
of that technology push. Sensors for positioning and navigation such 
as GPS, gyroscopes, accelerometers, and magnetometers were 
miniaturized, with power requirements that were substantially cut. Also, 
battery technology rapidly improved, with dramatic reductions in cost 
and improvements in power density. These factors were combined 
with data-fusion strategies for vehicle state estimation and control 
laws to ensure stable flight of small UAVs. The convergence of these 
technologies enabled low-cost, mass-produced, and reasonably-priced 
consumer drones.
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LECTURE 

19 Helicopters and Vertical Flight

It has been said that a helicopter doesn’t fly; rather, it beats the air into 
submission. This statement aptly reflects the utilitarian aspect of helicopter 

flight. It evokes the harsh realities of vertical flight: the complex mechanisms 
involved, high blade-rotation speeds, and unsteady aerodynamics required 
to keep the helicopter in the air. This lecture considers how the helicopter 
actually beats the air into submission. The fundamental laws of aerodynamics 
apply to helicopters, but they exploit the physics a bit differently.

Helicopter Flight

 ► Newton’s third law states that “for every action there is an equal 
and opposite reaction.” In the case of a helicopter, the air that the 
helicopter rotor passes through is accelerated in the downward 
direction, which results in an upward force applied to the rotor disk. 

 ► The downward acceleration of the air is produced by the lift-
generating capacity of the rotor, which is simply a rotating wing. 
The lift is imparted to the helicopter through the distribution of 
pressure on the blades themselves, with a pressure difference 
between the top and bottom of the blades.

 ► With that pressure difference, there will be a tip vortex created at 
the end of each rotor blade, just like an aircraft’s wing creates tip 
vortices. A helicopter’s tip vortices aren’t so hazardous to other 
aircraft, but they do have an impact on how a helicopter flies. 
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 ► The characteristic “wop-wop-wop” sound from a helicopter comes 
from the helicopter’s rotor blades chopping through the tip vortices 
of its own wake as it maneuvers.

 ► For a helicopter in hovering flight, the rotor must produce enough 
thrust in the vertical direction to support its weight. The greater the 
amount of air that the helicopter rotor acts upon, the more thrust 
the helicopter can produce. As with fixed-wing aircraft, the key 
physical concepts are the conservation of mass, the conservation 
of momentum, and the conservation of energy.

Helicopter Equations

 ► Since a helicopter accelerates a continuous stream of air, we can 
express thrust as: The thrust is equal to the mass flow rate through 
the rotor disk times the total change in velocity from the inlet to the 
exit of the stream tube containing the rotor.

 ► Since the change in velocity is just the difference between exit and 
inlet velocity, and the inlet velocity is zero, we can say that the 
change in velocity is equal to the exit velocity. In sum, the thrust of 
the rotor is equal to the mass flow rate through the rotor times the 
velocity of the fully developed wake. 

 ► Here, it’s helpful to remember that the mass flow rate at the inlet 
plane is equal to the mass flow rate through the rotor disk, which 
is also equal to the mass flow rate through the stream tube at the 
exit of the fully developed wake.

 ► The next concept to come in is the conservation of energy. The 
rotor with the stream tube encompassing the air is a closed 
system. So, we can equate the power added to the flow at the 
rotor to the change in kinetic energy of the flow per unit time. 
Since there is zero kinetic energy of the flow at the inlet plane, this 
indicates that the power of the rotor is equal to the kinetic energy 
of the far wake per unit time.
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 ► From this analysis of conservation of energy, the velocity in the far 
wake of the helicopter is twice the velocity of the flow at the rotor 
plane. A related result is that rotor thrust is equal to 2 times the 
density, times the square of the velocity at the rotor, times the area 
of the rotor disk.

 ► The ratio of thrust to disk area is the disk loading, which is a 
term very similar to wing loading. Disk loading is a fairly useful 
expression for helicopter performance analysis, since it gives us 
an indication of how hard the rotor is working to produce the thrust.

 ► If the helicopter is operating at sea level, we can substitute in 
the value for standard sea level density and obtain a simple 
relationship between the disk loading and the velocity at the rotor 
disk. The velocity is equal to 14.5 times the square root of disk 
loading. This is for disk loading in units of pounds per square foot 
and velocity in feet per second. Keep in mind that the velocity in 
the far wake is twice the velocity at the rotor disk.

 ► If we ignore any losses in the system, including any aerodynamic 
drag on the rotor blades, we can calculate the power that must be 
supplied to the rotor shaft. The ideal power for a rotor at sea level, 
expressed in units of horsepower, is the thrust in pounds times the 
square root of disk loading in pounds per square foot, divided by 
38. For a given amount of rotor thrust, which is equal to weight, a 
higher disk loading will require more power.

 ► Refer to the video for further details on these equations.

Other Parameters

 ► In regard to helicopters, the ideal power is the power required to 
do work on the airflow—to accelerate the flow to the exit velocity 
of the wake. Ideal power is analogous to induced drag, which was 
based on the idea that energy was wasted in the wake, directly 
because the aircraft was producing lift.
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 ► Ideal power is the absolute minimum amount of power required 
to lift a rotor. Keep in mind that there will be other losses in the 
system, such as the viscous drag acting on the rotor blades as 
they whirl through the air, which is the profile power.

 ► The ratio of ideal minimum power to actual power, which will 
always be less than one, is called the figure of merit. In practice, 
the figure of merit for a rotor is about 0.75 or 0.8, which indicates 
that about 20% of the overall power is devoted to overcoming 
losses such as viscous drag, while the other 80% is doing the 
work of producing thrust.

 ► One more parameter is the power loading, which is the ratio of the 
thrust of the rotor—equal to the weight in hover—divided by the 
power. Refer to the video for a diagram and more explanation of 
power loading.

Power Loss

 ► What happens if a helicopter’s engine fails? If a helicopter loses 
power, it will start descending. But during that descent, the pilot 
can control the pitch of the blades to turn the helicopter rotor into 
something like a wind turbine or windmill. 

 ► While the helicopter rotor in normal flight is taking power from 
the engine and turning it into kinetic energy of the rotor wake, a 
helicopter during autorotation is doing just the opposite. During 
autorotation, the rotor takes the kinetic energy of the falling vehicle 
and turns it into rotational energy of the rotor blades.

 ► If the pilot isn’t careful, the speed of the rotor blades can spool up 
very quickly, leading to an over-speed condition that would throw 
the blades. But with a properly flown autorotation maneuver, a 
helicopter can land with a speed of around 10 miles per hour. 
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Blade Control

 ► But how does a pilot control the pitch of the blades? At the hub of 
the rotor assembly, there is a complex mechanism for controlling 
the blade pitch. The centerpiece of this mechanism is a large 
bearing, called a swashplate. The swashplate has a fixed plate, 
with a rotating plate on top. Attached to the rotating plate are push 
rods, called pitch links, which connect between the swashplate 
and a point in front of a pivot on each blade.

 ► As the swashplate assembly moves up, the pitch links are pushed 
upward, which causes each of the blades to pitch up in unison. 
When the blades pitch up, they are at a higher angle of attack, so 
the blades produce more lift, and the total thrust of the rotor disk is 
increased. As a result, the helicopter climbs.

 ► This type of control is called the collective, so named because all 
of the rotor blades collectively pitch up in unison.

 ► In forward flight, the rotating blade experiences varying blade-
relative velocity, depending on where along the azimuth the blade 
is located at any point. 

 ► On the advancing side of the rotor disk, the velocity seen by the 
blade is the sum of the rotor’s rotational speed plus the forward 
flight speed of the helicopter, since the blade is rotating into the 
wind. Therefore, the advancing blade experiences fairly high 
velocity. But, on the retreating side, the blade-relative velocity 
is the rotational speed minus the forward flight speed, since the 
blade is now moving with the wind.

 ► Recall that the lift on an airfoil is proportional to the square of the 
velocity. If nothing were done about this situation, the blade on 
the advancing side would produce a lot of lift, while the blade on 
the retreating side would produce very little. This asymmetry in lift 
would actually cause the helicopter to tilt over. 
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 ► However, if we can control the blade pitch around the azimuth of 
the rotor disk, we can offset the lift asymmetry. The advancing 
blade should be pitched to a low angle of attack, while the 
retreating blade must be pitched up to a high angle of attack.

 ► This type of control also depends on the swashplate. To fly the 
helicopter in forward flight, the swashplate tilts, causing the pitch 
links to ride along on top of a tilted plane. The result is that the 
pitch links move up and down as they rotate around the rotor 
shaft, causing the rotor blades to pitch up and down as they rotate.

 ► As the blades pitch up and down, the varying lift force causes 
them to flap up and down. This flapping tilts the rotation plane of 

American helicopter rotor 
blades tend to rotate in the 
counterclockwise direction 
when viewed from the top, 
or clockwise when viewed 
from the ground.
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the blades to propel the helicopter forward. But the flapping of the 
blades is not in phase with the pitching; instead, the blades flap up 
90 degrees after they pitch up.

 ► This might seem illogical, but it is due to the principle of gyroscopic 
precession. The result of an applied force on the rotating plane 
is delayed by 90 degrees phase, due to the conservation of  
angular momentum.

The Tail Rotor

 ► The need for the tail rotor stems from the conservation of angular 
momentum. As the main rotor spins in the counterclockwise 
direction, conservation of angular momentum would cause the 
helicopter body to rotate in a clockwise direction.

 ► The main way to counteract this is through the use of a tail rotor, 
which is mechanically coupled to the main rotor. The tail rotor 
produces a side force, with the magnitude of the thrust tailored to 
cancel out the gyroscopic turning tendency resulting from rotation 
of the main rotor. 

 ► If the pilot wishes to turn the helicopter to the left or right, all that 
must be done is to increase or decrease the thrust produced by 
the tail rotor.

Speed Limits

 ► Helicopters can’t fly very fast, compared with planes. The limit is 
due to a phenomenon called dynamic stall. With the helicopter in 
forward flight, the faster that it flies, the greater the asymmetry in 
blade-relative velocity between the advancing and retreating sides. 

 ► Therefore, the amount of change in blade pitch between the 
advancing and retreating sides must also go up. And, since the 
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blade angle of attack must remain positive across the entire 
azimuth, the retreating blade gets pitched up to very high angles.

 ► The angle of attack of the retreating blade can become so high 
that the blade will stall on that side. But this event happens for 
a short time, and on every cycle when the blade rotates through 
that azimuth position. This makes the stall event a dynamic, or 
transient, one. Dynamic stall has the same primary features of 
regular stall, where there is a loss of lift. 

 ► Dynamic stall is like hammering on the pitch links, which causes 
significant vibrations that could lead to failure. So, in order to 
avoid the dynamic stall phenomenon, the forward flight speed of a 
traditional helicopter is limited to roughly 200 miles per hour.

 ► However, there are options for circumventing this limitation. For 
example, the Bell V-22 Osprey is essentially a hybrid between 
a helicopter and an airplane, with engines mounted on pods at 
either tip of a conventional wing. 

Suggested Reading

Johnson, Rotorcraft Aeromechanics.
Leishman, Principles of Helicopter Aerodynamics.
Prouty, Helicopter Aerodynamics, vols. 1 and 2.

Questions

1. AeroVelo’s human-powered Atlas weighed 282 pounds with the pilot 
on board, and had a rotor disk area of 13,800 square feet. In feet per 



187The Science of Flight

second (ft/s), what was the time-averaged velocity at the rotor disk of 
the Atlas during its record-setting flight?

a. 2 ft/s

b. 7 ft/s

c. 20 ft/s

2. What limits the forward flight speed of a traditional helicopter?

Answers

1. With a weight of 282 pounds and a disk area of 13,800 square feet, 
the Atlas had a disk loading of 0.02 pounds per square foot. (Disk 
loading is thrust divided by rotor swept area, and thrust equals weight 
in hover.) The induced velocity is 14.5 times the square root of disk 
loading, giving a value of 2 ft/s, which is answer a. This is just 1.4 miles 
per hour, which is equivalent to a very light breeze.

2. The forward flight speed of a traditional helicopter is limited by a 
phenomenon referred to as dynamic stall. Forward flight of the 
helicopter results in fluctuations of the blade-relative velocity as the 
helicopter rotor blades rotate: The advancing blade experiences high 
velocity, while the retreating blade has low blade-relative velocity. This 
velocity imbalance must be counteracted by dynamic pitching of the 
rotor blades to alter the angle of attack as the blade rotates. However, 
the blade on the retreating side can be pitched only to a certain limiting 
angle of attack before dynamic stall is encountered. The dynamic stall 
phenomenon results in large unsteady forces and moments on the 
rotor blades, leading to fatigue-inducing vibrations.
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LECTURE 

20
Rocket Science 
and the Evolution 
of Launch

Compared to helicopters and planes, rockets take a fundamentally 
different approach to propulsion. They do not depend on aerodynamic 

forces to generate lift. Rockets also do not have to rely on the atmosphere 
for combustion, which is at the heart of all jet engines. However, rockets 
must still pass through the atmosphere on their way to space. And, in doing 
so, the rocket flight must remain stable. This lecture takes a look at how 
rockets achieve those goals.

Stabilization

 ► Early rockets, such as the German V-2, were stabilized by a set 
of 4 fins. The function of the fins is to provide some surface area 
for aerodynamic forces to act upon, which shifts the center of 
pressure further back along the rocket. 

 ► But modern rockets don’t have fins, or if they do, they’re very 
small, like those on the Saturn V. To maintain stability, these rocket 
engines are gimballed, meaning that the thrust from the rocket 
engines is vectored as needed to maintain stable flight. 

 ► Most modern rockets use gimbals instead of fins in order to reduce 
the weight and aerodynamic drag of the launch vehicle.
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How Rocket Engines Work

 ► Like a jet, the main force present in rockets is thrust. That thrust 
is achieved by producing high pressure inside the combustion 
chamber and nozzle, relative to the ambient pressure. The pressure 
difference creates a force that pushes the rocket along. A result of 
that pressure difference is an acceleration of the propellants.

 ► But unlike a jet, rocket engines can easily operate outside the 
Earth’s atmosphere, where there is no oxygen available for the 
combustion process. This is because rockets carry along their 
own oxidizer needed for combustion of the fuel.

 ► Another significant advantage is that rockets produce a huge 
amount of thrust. For this reason alone, rockets have seen some 
limited use on aircraft, including the Bell X-1, which was the first 
aircraft to fly faster than the speed of sound. But because the 
rocket engine must carry the fuel and oxidizer, the weight and 
efficiency of the system is poor. Therefore, rockets are not very 
popular for use on aircraft.

 ► The specific impulse of a rocket is a measure of how efficiently the 
rocket produces thrust. Impulse is the magnitude of a force applied 
over a certain period of time. High impulse can be achieved by 
producing a large force within a short period of time, such as a bat 
striking a baseball. Alternatively, high impulse can be achieved by 
a relatively low force applied continuously over a long period of 
time, such as pushing on a box to slide it down a long corridor.

 ► Specific impulse for a rocket is the thrust of the rocket divided by 
the time rate of change of weight. Alternatively, it can be expressed 
as thrust divided by the product of mass flow rate and standard 
gravitational acceleration at Earth’s surface.
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 ► Note that the use of gravitational acceleration is an agreed-upon 
convention. The value of 9.81 meters per second squared, or 
32.2 feet per second squared, is always used in the calculation of 
specific impulse, no matter where the rocket is within the universe.

 ► Specific impulse, then, has units of pound-seconds per pound, 
or simply seconds. We can think of it as the force applied over 
a given length of time, divided by the weight. Or, we can think of 
it in this way: For each pound of combustion products, for what 
duration of time can the rocket produce a pound of thrust? Refer 
to the video for further explanation on how to use specific impulse.

Exit Velocity

 ► To optimize the efficiency of a rocket, designers need to maximize 
the exit velocity. In order to get the exit velocity of the propellant 
as high as possible, the stagnation temperature in the combustion 
chamber must be as high as possible. 

 ► Temperature is a measure of the internal energy of the combustion 
products, and that energy must be conserved. The rocket nozzle 
serves to thermodynamically expand the combustion products 
from essentially zero velocity up to incredibly high exit velocity by 
exchanging the thermal energy of the combustion products into 
kinetic energy of the exiting flow. 

 ► Because of conservation of energy, if we assume an adiabatic 
situation, where there is no heat loss through the walls of the 
rocket nozzle, there must be a direct balance between this internal 
energy and the kinetic energy.

 ► The exit velocity is proportional to the square root of the ratio of 
stagnation temperature to the molecular weight of the combustion 
products. That is, high efficiency rocket engines should have high 
combustion temperature, but with lightweight propellants.
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Rocket Propellants

 ► There are 2 main types of rocket propellant systems: solid and 
liquid. Solid propellant systems have the fuel and oxidizer pre-
mixed, and cast into solid form. This is what was used on the 
Space Shuttle’s twin solid rocket boosters. There, the propellant 
consisted of atomized aluminum powder as a fuel, and ammonium 
perchlorate as an oxidizer.

 ► The advantages of solid propellant are that it avoids the complexity 
of large, pressurized storage tanks for fuel and oxidizer; it is less 
volatile; and it is more reliable. However, once a solid rocket is lit, 
there is no way to shut it down, and little that can be done to throttle 
it. Another disadvantage is that the best specific impulse available 
from solid propellant, in the range of 200 to 300 seconds, is typically 
less than what can be obtained from liquid propulsion concepts.

 ► With liquid propellants, the main idea is to inject the propellants at 
very high pressure into a combustion chamber. One of the most 
common rocket fuel and oxidizer combinations is liquid hydrogen 
and liquid oxygen. The combination of these produces a very 
energetic reaction that results in heat and water. The resulting 
specific impulse of this combination can be as high as 455 
seconds for a vacuum. 

 ► For delivering the fuel at high pressure for the combustion event, 
there are 2 main pressure systems. First is a pressure-fed system, 
where the fuel and oxidizer are stored at high pressure. Pressure-
fed systems are typically used only for small-scale rocket engines, 
such as thrusters for orbital maneuvering.

 ► The second method of delivering propellant at high pressure is 
to use fuel pumps. These boost the pressure of the propellants 
right before pumping them into the combustion chamber. Because 
pressure is lower until boosted, the fuel storage tanks can be 
constructed with considerably less mass. 
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 ► Rocket scientists try to select the hottest-burning fuel combination 
possible, given the other design constraints. The combination of liquid 
hydrogen and liquid fluorine is about optimal, giving an adiabatic 
flame temperature of 4756 K, and a specific impulse of 390 seconds. 

 ► However, fluorine is corrosive and poisonous, making it extremely 
difficult to handle. So, liquid hydrogen and liquid oxygen often are 
often used instead, with almost the same level of performance.

Supersonic Flow

 ► The pressure in the combustion chamber of a rocket is so high 
relative to the ambient pressure at the exit that the flow through the 
rocket nozzle is supersonic. In order to accelerate a supersonic 
flow, the cross-sectional area of a duct must increase. Increasing 
the duct area of a supersonic flow is required to allow the flow to 
expand, the density to go down, and the Mach number to continue 
to rise above sonic conditions.

 ► The only way to accelerate an internal flow from rest up to 
supersonic speed is to pass the flow through a nozzle that 
converges and then diverges. The point of the minimum area is 
the choke point, where the local velocity is sonic. 

 ► This fact is why rocket nozzles are bell-shaped, with increasing 
area. The flow velocity is very close to zero within the combustion 
chamber, but is accelerated in a short distance to sonic conditions 
at a throat. Then, downstream of the throat in a rocket engine, 
there is a large bell-shaped nozzle that further expands the flow to 
supersonic speeds. 

Multiple Stages

 ► Rockets designed to carry people or payload into space have an 
interesting feature in common. The Saturn V, Space Shuttle, Delta 
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IV, Space Launch System, 
Ariane 5, and Falcon 9 all 
have multiple stages.

 ► A staged rocket is segmented, 
with a separate rocket engine, 
nozzle, propellant storage, 
structure, and control system 
for each stage. The number of 
stages is typically 2 or 3, but 
sometimes 4.

 ► Typically, 80–85% of a rocket’s 
mass is for propellant and 5% 
is for payload. The remaining 
10–15% is for structure, 
propellant tanks, plumbing, 
and systems to support the 
payload and successfully 
operate the rocket. 

 ► If single-stage rocket is used 
to put a payload into orbit, a 
massive amount of propellant 
is burned over time, leaving significant empty structure that must 
be designed into the vehicle in order to sustain the initial mass of 
the rocket. Once the propellant is burned, however, the structure 
needed to support that propellant is now dead weight.

 ► The idea of staging is to drop that weight as the vehicle continues 
to climb. When a multi-stage rocket is designed, the latter stages 
are sized based on the lighter weight of the remaining vehicle. 

 ► But what happens to the used stages that separate and fall away? 
The easiest approach is to simply jettison the lower stages and 
allow them to fall into the ocean as scrap, as was done with the 
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Saturn V. Alternatively, expended upper stages, which separate on 
the edge of space, get burned up by atmospheric heating as they 
reenter Earth’s atmosphere. In either case, the expended stages 
are thrown away, which is very expensive.

 ► To achieve cost savings, the launch provider would prefer to reuse 
the structure of the expended stages. One of the most common 
techniques is for the stage to descend via parachute. This is what 
the Space Shuttle solid rocket boosters were designed to do. 

 ► The ideal scenario, but also the toughest challenge, is to bring the 
rocket back down to its launch pad, landing straight up. Landings 
of this type have included SpaceX (with their Falcon 9), and Blue 
Origin (with their New Shepard), both of which have successfully 
landed, refurbished, and reused a rocket.

 ► The challenge is maintaining stable flight of the rocket as it comes 
back down. It takes continuous and active feedback to balance 
the long, slender body of the rocket, since the center of gravity 
of the body is high. But careful application of directed thrust, with 
robust control schemes, now makes it possible to stick this kind of 
landing.

Suggested Reading

Hill and Peterson, Mechanics and Thermodynamics of Propulsion.
Mattingly, Elements of Propulsion.

Questions

1. If a rocket nozzle produces constant mass flow rate of propellant, 
constant exit velocity, and constant exit pressure across a fixed nozzle, 
how does the thrust change as the rocket ascends?
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2. What are the relative advantages and disadvantages of solid versus 
liquid propellant systems? Can you envision a way to get the best of 
both via a compromise?

Answers

1. From the thrust equation, we see that with constant propellant mass 
flow and constant exit velocity, the thrust will depend only on the 
difference in pressure between the exit and ambient pressure:

Since the ambient pressure is decreasing as the rocket ascends, 
additional thrust is produced. So, while there is additional nuance to 
the design of rocket nozzles for an optimal expansion of the exhaust 
gasses at a specific condition, this behavior describes the general 
trend of thrust increasing with altitude. This is why the specific impulse 
(an efficiency metric) is higher for rockets operating in a vacuum.

2. Solid propellants offer the advantages of low weight and low volatility, 
but have the disadvantage that solid rockets generally cannot be 
throttled or shut on and off. Liquid propellants can be throttled, but 
require heavy plumbing and pumps for the pressurized and cryogenic 
propellant. A hybrid rocket—a combination of solid rocket fuel with 
liquid oxidizer—combines the advantages of both, while avoiding many 
of the disadvantages. Hybrid rockets are currently under development, 
and have even been used on spacecraft such as SpaceShipOne.
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LECTURE 

21
Orbiting Earth Means 

Always Falling

How a vehicle travels through space is different from how it travels 
through air. Continuous propulsion is not necessary to get a spacecraft 

to its destination. Since there is no atmospheric drag, there are generally 
no other forces acting upon the spacecraft besides gravity. Therefore, it 
is possible to get a spacecraft to its destination by thoughtfully exploiting 
gravity. The scientific study of how gravity affects spacecraft and planets in 
orbit is called orbital mechanics or orbital dynamics. 

Kepler

 ► Our understanding of orbital 
mechanics dates back to work 
done by Johannes Kepler in the 
early 1600s. Kepler posited 3 
“laws” of orbital motion:

1. “The orbits of the planets are 
ellipses, with the Sun at one 
focus.”

2. “The line joining a planet to 
the Sun sweeps out equal 
areas in equal times.” This 
can only be true if the body 

Johannes Kepler
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is moving faster while it is closer to the body it is orbiting, 
which was the Sun.

3. “The square of the orbital period—the time it takes to complete 
one orbit—is directly proportional to the cube of the mean 
distance between the Sun and the planet.”

 ► Isaac Newton incorporated Kepler’s laws into a universal theory 
of gravity, as the fundamental force acting on everything in space. 
Newton postulated that the force of gravity between 2 bodies 
is proportional to the product of their masses, and inversely 
proportional to the square of the distance between them. So, if the 
distance between 2 bodies is doubled, then the gravitational force 
experienced by each body will be cut by a factor of 4.

 ► Newton also showed that, when it comes to falling objects, the 
acceleration of the body is equal to a constant divided by the 
square of the distance to the center of the second body.

 ► Two other key physical concepts important for orbital dynamics 
are conservation of energy and conservation of momentum. When 
applied to orbiting bodies, we’re interested in the conservation of 
angular momentum instead of linear momentum. 

 ► While linear momentum is expressed as the product of mass and 
velocity, angular momentum is a product of distribution of mass 
times angular velocity. The distribution of mass within a solid body 
about an axis of rotation is called the moment of inertia, so the 
more precise expression for angular momentum is the product 
of moment of inertia times the angular velocity. A space station 
shaped like a ring or donut would have a high moment of inertia, 
which means it has mass spread out at a greater distance from the 
axis of rotation.

 ► As for conservation of energy, the basic idea is unchanged: The 
sum of the kinetic and potential energy of an object must be 
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constant. Kinetic energy of a spacecraft is still defined as the 
product of one-half times the mass times the square of the velocity.

 ► Potential energy in orbit is defined by the amount of work that 
it would take to move an object from the center of a planetary 
body—Earth, for example—through a gravitational field to some 
orbital position that is a distance from the center of Earth. The 
key idea is that if the altitude, or orbital radius, of the spacecraft 
increases, the potential energy also increases. 

 ► We never entirely escape the influence of Earth’s gravity; it’s 
merely that the gravity of some other object eventually becomes 
larger. The locations in space where the forces are neutrally 
balanced between 2 large bodies are known as Lagrange points. 
These can be helpful locations for staging a base of operations, 
since the location of the Lagrange point is always fixed relative to 
both of the large bodies.

Perigee and Apogee

 ► The point where a satellite passes closest to Earth is the perigee, 
and it is at this location where the potential energy is the lowest. 
So, by conservation of energy, the kinetic energy, or velocity, of 
the satellite must be the highest at the perigee.

 ► In contrast, when the satellite is at the farthest point on the 
trajectory from Earth, called the apogee, then potential energy is 
highest. Conversely, the kinetic energy, and the velocity, will be at 
their lowest.

 ► One key question is: How much kinetic energy is needed for a 
particular orbit with a given potential energy, or height? The 
required velocity for a circular orbit is the square root of the 
gravitational parameter divided by the radius of the orbit.
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 ► Imagine that you want to 
put an object into orbit 
around the Earth at an 
altitude just above the 
Earth’s surface. Since 
the radius of the Earth 
is 6400 kilometers, 
this would require a 
sustained velocity of 7.9 
kilometers per second, 
or about 17,700 miles 
per hour. 

 ► Yuri Gagarin—the first 
person in space—
achieved an orbital 
trajectory on April 12, 
1961, where his Vostok 
1 spacecraft accelerated 
to greater than 7.9 
kilometers per second 
for an orbital flight of 1 
hour, 48 minutes. 

 ► By contrast, the first attempt by the United States to put a person 
in space, on May 5, 1961, was limited to a 15-minute suborbital 
flight. This flight used the Mercury-Redstone 3 rocket to take Alan 
Shepard’s Freedom 7 capsule up to a maximum speed of only 2.3 
kilometers per second. 

 ► It wasn’t until John Glenn’s seminal 4-hour, 55-minute flight on 
February 20, 1962 that the United States put a person into orbit for 
the first time. The necessary velocity was achieved with a much 
more powerful Mercury-Atlas 6 rocket.
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Leaving Orbit

 ► The minimum velocity required to leave Earth’s orbit is called the 
escape velocity. The only way to fly beyond the confines of Earth’s 
orbit is to obtain a trajectory that is either parabolic or hyperbolic. 
The escape velocity is the square root of twice the gravitational 
parameter divided by the distance.

 ► For Earth, the escape velocity is 11.2 kilometers per second, or 
about 25,000 miles per hour. That’s 41% higher than the orbital 
velocity.

 ► For an elliptical orbit, the potential energy is greater than the 
kinetic energy. However, for a parabolic trajectory, the kinetic 
energy is exactly equal to the potential energy. And for a hyperbolic 
trajectory, the kinetic energy is greater than the potential energy. 

 ► These relationships give us a strong indication that the spacecraft’s 
velocity at the end of a fuel burn, represented by kinetic energy, 
will have a dramatic impact on the type of trajectory that is set up.

The Hohmann Transfer

 ► What happens if people want to change the orbit that a spacecraft 
is in? The most efficient orbit change is now called the Hohmann 
transfer. The conditions for the Hohmann transfer assume that the 
initial and final orbits are in the same plane, that the 2 orbits have 
their major axes co-aligned, and that orbital burns can be made a 
instantaneously.

 ► An instantaneous burn is not possible in real life, but practically 
speaking, a typical burn of 2 to 5 minutes is very short compared 
with a transfer orbit duration of 45 to 315 minutes.

 ► For a successful Hohmann transfer from one orbit to another, 
only 2 impulse burns are required. The first burn will transition the 
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spacecraft from the initial orbit into a transfer orbit, which is the 
trajectory that will take the spacecraft to the final orbit. Then, a 
second burn is required at the point of intersection of the transfer 
orbit to the desired final orbit.

Space Rendezvouses

 ► Learning how to successfully rendezvous in space was critical to 
lunar missions. Apollo 11 was the first of the Apollo missions to 
put astronauts on the Moon. At the beginning of the outbound leg 
of this lunar transition, the command module needed to separate 
from the booster, turn around, and dock with the lunar module. 

 ► This lunar module/command module pair then had to travel along 
the lunar insertion trajectory and perform a burn to enter lunar 
orbit. Two members of the 3-person crew had to transition into the 
lunar module, leaving one person behind to man the command 
module, in orbit around the Moon. 

 ► The lunar module would then descend to the lunar surface for 
the scientific mission. Next, the ascent stage of the lunar module 
had to blast off from the lunar module, ascending on a trajectory 
designed to reach lunar orbit. 

 ► The ascent stage needed to successfully rendezvous with the 
command module in lunar orbit. If this were unsuccessful, the 
astronauts in the ascent module would miss their ride home and 
be stuck in space.

 ► A successful rendezvous of 2 capsules is all about timing. For the 
lunar module on the surface of the Moon, the timing of the launch 
has to be just right, such that the velocity of the ascent module 
takes it up to the orbit of the command module, with an arrival 
timed for the precise moment when the command module would 
pass by.
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 ► This is the exact challenge that the Gemini program had to work 
out. For example, on the Gemini 8 mission, Neil Armstrong and 
Dave Scott were the astronauts tasked with testing out rendezvous 
procedures with an unmanned Agena vehicle that had been 
previously placed into orbit.

 ► After initial launch of Gemini 8 into orbit, the astronauts had to 
do only a few short burns of thrusters on the Orbit Attitude and 
Maneuvering System to correct their orbit and approach the  
Agena vehicle. 

 ► The first burn was a short 5-second burn that lowered their apogee 
ever so slightly. Then, their second brief burn added just 15 meters 
per second to their speed, which raised both their apogee and 
perigee. Finally, one more short burn added just 0.79 meters per 
second to their orbital speed. 
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 ► As the vehicles closed in on one another, the astronauts did a 
few more short burns to bring the relative speed between the 2 
vehicles down to zero. This afforded the astronauts the opportunity 
to inspect the Agena vehicle and prepare for docking. Finally, 
they proceeded at a pace of 8 centimeters per second until they 
successfully met the Agena, and the docking latches engaged.

 ► They had just accomplished a huge feat by becoming the first to 
successfully dock in space. However, the euphoria of that success 
didn’t last for long. 

 ► Shortly after docking, the spacecraft pair sped along their 
orbit, about to enter a period of radio blackout where no 
communications with ground control were possible. The Agena 
vehicle, with a full load of propellant on board, began executing 
some preprogrammed maneuvers to reorient the spacecraft pair. 

 ► However, as it began these maneuvers, the astronauts recognized 
that they were starting to spin out of control. Thinking that the 
problem was with the Agena vehicle, they quickly undocked in an 
attempt to stabilize the situation and regroup.

 ► However, the problem was with their own spacecraft. Now that 
they had undocked from the Agena, their moment of inertia was 
much lower, and the spin rate actually increased until they were 
tumbling end over end. By the time they came back within radio 
contact, the Gemini 8 capsule was spinning at a rate of 360 
degrees per second—fast enough to dangerously threaten the 
astronauts with vertigo or even blackout. 

 ► Armstrong had the presence of mind to shut down the Orbit 
Attitude and Maneuvering System and instead use thrusters on 
the separate Reentry Control System to stabilize Gemini 8. Taking 
stock of the situation, they troubleshot until they diagnosed that 
one of the thrusters on their Orbit Attitude and Maneuvering 
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System had remained on. This was later determined to be due to 
an electrical system short.

 ► At this point in their mission, they had burned almost 75% of 
the propellant in the Reentry Control System, which was critical 
for safely returning to Earth. Armstrong and Scott then made 
an emergency return to Earth and a safe landing. Each of the 
astronauts would later walk on the Moon, with Apollo 11 and Apollo 
15, just a few years later.

 ► The Gemini program, through a series of tests, ultimately 
demonstrated that rendezvous and docking maneuvers could be 
done safely and effectively. This was one of the critical risk-reduction 
steps that enabled NASA to mount a successful Moon mission.

Suggested Reading

Doody, Basics of Space Flight.
Hale, Introduction to Space Flight.
Lovell and Kluger, Lost Moon.
Sellers, Understanding Space.

Questions

1. How much lighter are you while you’re flying on an airplane at an 
altitude of 40,000 feet?

2. Why must a geostationary satellite be at an orbital altitude of 
approximately 35,786 kilometers (22,236 miles)?
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Answers

1. The weight of a person is the force due to gravity acting on that 
person’s body, which is equal to the product of Earth’s gravitational 
parameter times the mass of the body, divided by the square of the 
distance from that body to the center of the Earth (Newton’s universal 
law of gravitation):

This equation can be written twice, and a ratio formed as follows. Since 
Earth’s average radius is 20,902,000 feet, we find:

Here’s a ratio of the 2 equations:

So, on an airplane at 40,000 feet, you weigh (1 − 0.996) × 100, which 
gives 0.4% less. For a 200-pound person, that’s a weight loss of nearly 
1 pound.

2. A geostationary orbit is one where the satellite remains fixed at one 
point in the sky relative to a ground observer, making it convenient 
to permanently point dish antennas towards the satellite. For this 
synchronization to take place, the orbital period of the satellite must 
exactly match the rotation speed of Earth. So, the circular orbit of a 
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satellite must be at an altitude of 35,786 kilometers (22,236 miles), 
or a radial distance from the center of the Earth of 42,164 kilometers 
(26,199 miles) in order to match the period of Earth’s rotation (23 
hours, 56 minutes, and 4 seconds).

The specific value required for the radius of a geosynchronous orbit 
can be found by equating the orbital speed found from matching 
Earth’s rotation speed to the required orbital speed for a circular orbit 
at that same radius. The first is:

This is for an orbital speed that matches Earth’s rotation speed, where 
T is the period of Earth’s orbit and R is the required orbital radius. The 
second equation is one for the velocity of a circular orbit at a given 
radius:

Equating these 2 equations and solving for the radius of the orbit gives:
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To Mars and Beyond: 
Gravity-Assist Flight

LECTURE 

22

This lecture considers the idea of escaping Earth altogether and 
travelling to another planet. Important questions include: How long 

will it take to get there? What is the best route to take? Will humans be 
able to survive en route? The answers are critical for successful travel to 
other planets and moons in our solar system. In fact, some even say that 
successful interplanetary travel is essential to the long-term survival of the 
human race.

Gravity Assist

 ► The single biggest cost to a space mission is the change in velocity 
required (sometimes notated as ∆v and pronounced delta-V). 
Getting somewhere in space is all about the increase in kinetic 
energy, rather than a change in altitude. A higher delta-V is going 
to require more fuel, and more fuel will increase the mass of the 
system that is launched into space.

 ► One fuel-efficient maneuver is termed the gravity assist, or 
slingshot maneuver. A gravity assist trajectory brings a spacecraft 
on an interplanetary trajectory within the gravitational field of an 
intermediate planet, whose gravity field changes the trajectory and 
speed of the spacecraft.

 ► The trajectory of the spacecraft can be planned such that it 
approaches the planet from behind. The planet’s gravity will pull 
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it along, redirecting its trajectory and adding kinetic energy to the 
spacecraft. The amount of extra velocity imparted to the spacecraft 
depends on the velocity of the spacecraft, the velocity of the planet 
itself, the approach angle, and how much the trajectory is deflected.

 ► The gravity assist maneuver will typically add some time to a 
mission due to the relative alignment of the planets, so it isn’t 
very practical for human-carrying interplanetary flight. But for 
robotic spacecraft, it’s very common to rely upon the gravity assist 
maneuver since the energy is basically free.

 ► For example, each of the Voyager probes relied upon gravity assists 
to work their way through the solar system. Voyager 2 performed 
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flybys of Jupiter, Saturn, Uranus, and Neptune, making observations 
of each planet along the way. Both Voyager probes continue to 
function on interstellar missions, beyond our solar system.

Electron Ion Propulsion

 ► Electron ion propulsion is a highly efficient propulsion concept 
available for sustained acceleration. First used on the Deep Space 
1 probe during 1998 to 2001, the main idea of an electric ion 
thruster is to create ions in a propellant, typically by hitting it with 
an electron beam. 

 ► These ions are then accelerated through an electric field to an 
extremely high exhaust velocity of around 50,000 meters per 
second, which is almost 112,000 miles per hour. The acceleration 
of each ion produces a small amount of thrust due to the change 
in momentum of the ion. 

 ► Ion propulsion requires very little propellant. For example, NASA’s 
Dawn spacecraft, launched in 2007, carried on board 3 redundant 
ion thrusters to take it on a scientific mission to study asteroids 
beyond Mars. The total propellant mass for this 9-year mission 
was only 425 kilograms. 

 ► Dawn became the first spacecraft ever to orbit 2 separate 
extraterrestrial bodies in the asteroid belt, conducting meaningful 
science along the way. The spacecraft carried high-resolution 
cameras, which provided incredible insight into the terrain of the 
asteroids Vesta and Ceres.

 ► Dawn took years to reach its asteroids: It launched in 2007, 
reached Mars in 2009 for a gravity assist, and reached Vesta in 
2011. It departed Vesta in 2012 and reached Ceres in 2015, where 
it remained to collect data for the rest of the spacecraft’s lifetime. 
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Faster Routes

 ► Robotic space probes aren’t concerned with how long it will take to 
get to the destination. By contrast, human-carrying interplanetary 
travel is deeply concerned with the length of the mission, due to 
the many life support requirements.

 ► Humans could take a Hohmann transfer between Earth and Mars 
as a relatively straightforward and reasonably fast trajectory to 
Mars. In order to have reasonable fuel and time requirements for 
the Martian journey, Earth and Mars need to be reasonably close 
to one another in their orbits around the Sun. But the distance 
between them is changing all the time.

 ► The period of the Martian orbit around the Sun is 684 Earth days, 
while Earth’s period is 365 days. Because of this difference, a beat 
frequency describes the distance between the planets. The period 
of this beat frequency, called the synodic period, is 26 months.

 ► This means that a successful trip (or return) with reasonable 
energy requirements could only happen about every 2 years. On 
top of that, due to variations in eccentricity of the Earth and Mars 
orbits, there are substantial differences in the distance of that 
closest approach. 

 ► The period of the longer-time scale variation is 15 years. At their 
closest approach, the distance between Earth and Mars ranges 
between about 60 million kilometers and 100 million kilometers, 
depending on the time within the 15-year cycle. 

 ► Another problem: A spacecraft travelling to Mars will have to 
interact with the gravitational fields of Earth, Sun, and Mars, 
making this a 4-body problem, counting the spacecraft. This is a 
notoriously difficult problem to solve in mathematics, so we need 
to resort to some approximations.
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 ► The most straightforward approach is to use a patched conic 
approximation. This involves breaking the problem down into a 
series of 2-body problems, where the spacecraft interacts with 1 
large body at a time. The solution for each 2-body problem, which 
is some form of a conic section, is patched together in order to 
piece together a meaningful trajectory.

 ► A spacecraft going from Earth to Mars will first need to depart 
Earth orbit via an appropriate hyperbolic trajectory. Then, the 
spacecraft follows an elliptical trajectory from Earth to Mars, with 
the Sun residing at a focus of the ellipse. Finally, the spacecraft 
will enter Martian orbit via a hyperbolic entry trajectory. 

 ► The sphere of influence for each planet represents the radial 
extent a planet’s gravity will dominate the spacecraft’s trajectory, 
rather than the Sun’s. The radius of the Earth’s sphere of influence 
is 925,000 kilometers (which is 575,000 miles). While that radius 
may seem large, it is just 0.6% of the distance from the Earth to 
the Sun.

 ► At their closest approach distance of 60 million kilometers, the 
Earth’s sphere of influence accounts for only the first 1.5% of the 
journey and the Martian sphere of influence accounts for less than 
1% of the distance. Approximately 97.5% falls within the Sun’s 
sphere of influence. For a detailed explanation on how these 
spheres of influence affect a spacecraft’s journey, refer to the video.

Reaching Mars

 ► The time of flight to Mars depends strongly on the distance that 
must be travelled. This assumes a calculated flight time of about 
8.5 months using the Hohmann transfer—quite a long time to 
be cooped up on a spacecraft. But compared to the Hohmann 
transfer, other options would require more fuel burn and propellant.
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 ► Once humans make it to Mars, they’ll have to wait a long time 
before the next launch window arrives for any possibility of a 
return to Earth. 

 ► If humans were to try to build a permanent habitat on Mars, fuel 
requirements would make it desirable to minimize the amount of 
material that must be launched from Earth. The alternative is to 
fabricate living spaces from the raw materials available on Mars. 
For example, the Martian regolith has all of the raw ingredients 
needed for making glass, including silicon dioxide, sodium oxide, 
calcium oxide, and aluminum oxide.

 ► Mars is a surprisingly benign living environment. Though the 
atmosphere lacks oxygen, it is 95% carbon dioxide. Additionally, 
there is ice water on Mars—perhaps even large amounts of of 
subterranean ice. There is even evidence of liquid water in some 
places. That all means Mars has carbon dioxide, water, and 
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sunlight—the necessary ingredients for plant photosynthesis. This 
opens up huge opportunities for growing food, and all of the other 
benefits that plant growth provides.

 ► On the downside, however, are the harsh impacts of the space 
environment. Consider the microgravity of the long-transit flight. 
And Mars’s reduced gravity is only 38% of Earth’s. Weightless 
or reduced-weight environments have long-term impacts on the 
human musculoskeletal system. 

 ► If bones do not carry a load for an extended period of time, they 
become brittle due to decalcification. Muscular tone deteriorates 
over time due to underuse. Thus, astronauts in space for extended 
periods must conduct rigorous exercise regimens on specialized 
treadmill and bungee contraptions that induce loading on the 
astronaut’s skeletal system.

 ► Since buoyancy principles are no longer at work without gravity 
acting on fluid, there is a redistribution of fluid within human tissue. 
Fluid that normally pools in the legs is distributed throughout the 
rest of the body, causing the kidneys to work harder to remove 
what is sensed as excess fluid. Over time, this results in a 
reduction of plasma volume by up to 20%. Furthermore, vision can 
also be degraded. 

 ► Another huge risk of space is solar radiation. There is persistent 
radiation from the Sun and from galactic cosmic rays, which 
terrestrial humans are normally shielded from by Earth’s 
atmosphere and magnetic field. However, in space there is 
insufficient shielding to block these high-energy particles, leading 
to much higher exposure levels. 

 ► This effect can accumulate over a long-duration flight, such as 
a trip to Mars, leading to long-term health hazards. Beyond the 
cumulative effects, there is also danger posed by the sudden 
release of intense radiation from a solar flare. 
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 ► These solar flares are mildly disruptive on Earth, causing 
increased ionization in the ionosphere, leading to disruption in 
various telecommunications. But, in space, the radiation from a 
solar flare can even be deadly due to the acute radiation exposure. 

 ► Long-term habitats and interplanetary spacecraft will need a 
radiation-hardened shelter with enough shielding in place to 
protect the astronauts from intense periods of radiation.

Suggested Reading

Doody, Basics of Space Flight.
Hale, Introduction to Space Flight.
Sellers, Understanding Space.

Questions

1. Which of the following planets has the potential to give the largest boost 
to a spacecraft via a gravity assist trajectory? Assume that the spacecraft 
approaches each planet in an identical manner (same trajectory, same 
speed relative to the planet, ignore atmospheric effects).

a. Earth, with an orbital velocity of 29.8 km/s and gravity of 
9.81 m/s2.

b. Mars, with an orbital velocity of 24.1 km/s and gravity of 
3.7 m/s2.

c. Jupiter, with an orbital velocity of 13.1 km/s and gravity of 
23.1 m/s2.
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2. Due to the very high payload requirements, some are proposing that 
the first trip to Mars could be a 1-way mission. For a fixed payload 
mass, estimate how much fuel would be saved by a 1-way mission.

a. 50%

b. 65%

c. 89%

Answers

1. The primary factor affecting the delta-V possible from a gravity assist is 
the orbital speed of the planet around the sun. Interestingly, the mass 
of the planet and the strength of the gravitational force aren’t the main 
factors that affect the potential for the most delta-V in a gravity assist 
trajectory. Note that the highest possible theoretical delta-V would be 
twice the orbital speed of the planet, if the spacecraft approached the 
planet in exactly the opposite direction to the planet’s motion. The key 
is vector addition of the planet’s velocity with the spacecraft’s velocity 
before and after the flyby. The higher the planet’s velocity is (for a 
given spacecraft trajectory), the higher the change in velocity will be.

The main thing that matters for gravity assist is the orbital speed of 
the planet around the Sun. Of the 3 planets listed here, Earth actually 
has the highest orbital velocity and would give the highest delta-V to a 
spacecraft (answer a). It may be tempting to select Jupiter (the most 
massive, with the strongest gravity), but Jupiter has the slowest orbital 
velocity of the choices. Of all the planets in our solar system, Mercury 
has the highest orbital velocity of 47.4 km/s, since it is closest to the 
Sun. One example of a spacecraft that used Earth for a gravity assist 
is the Galileo mission, which performed gravity assist flybys of Venus, 
Earth, and Earth a second time in order to reach Jupiter.
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2. The amount of fuel required for a 1-way trip to Mars is not half of what 
a 1-way trip would require. In fact, the total required fuel for a one-way 
trip is much less than half. This is because fuel requirements for each 
leg of a journey are multiplicative, rather than additive. The fuel required 
for the return trip must be treated as payload (“dead weight”) for the 
outbound trip, which requires more fuel to transport it. The fuel savings 
for a one-way trip could be as high as 89% when compared to a round-
trip (answer c), depending on the particulars of the mission design.
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Atmospheric Reentry: 
Ballistic, Skip, Glide

LECTURE 

23

On February 1, 2003, the Space Shuttle Columbia broke apart in mid-
flight on its way to an intended touchdown at Cape Canaveral, Florida. 

Tragically, the 7 astronauts aboard perished. The culprit: During liftoff, a 
piece of foam broke off the Columbia’s fuel tank and punched a hole in 
the thermally protected leading edge of the Columbia’s left wing. During 
reentry, hot gases entered the wing and melted the shuttle’s structure 
from the inside out. Subsequently, the entire shuttle broke up into pieces, 
leading to disaster. This incident reveals how perilous atmospheric entry—
the focus of this lecture—can be.

Peril

 ► The peril of entering Earth’s atmosphere is explained by the 
science of energy dissipation and aerodynamic heating. A 
spacecraft returning to Earth will have incredibly high velocity. Just 
returning from Earth orbit entails a velocity of over 7 kilometers 
per second. For returns from interplanetary visits, the velocity has 
to be at least as high as the Earth escape trajectory of around 11 
kilometers per second. This leads to incredibly high kinetic energy.

 ► As the spacecraft returns to Earth, decreasing its potential energy 
along the way, its kinetic energy must go up even more. Because 
of conservation of energy, the spacecraft will accelerate as it 
approaches Earth.
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 ► Somehow, this accelerating spacecraft and must safely come 
to a complete rest on Earth’s surface. In other words, it has to 
somehow get rid of all of that excessive kinetic energy.

 ► One option is to fire rocket thrusters against the direction of flight 
in order to slow the spacecraft down. This would take a substantial 
amount of extra fuel. (Note that a short de-orbit burn usually is 
used to begin the reentry process, but doing it throughout would 
be prohibitive.)

 ► The other option is to decelerate the aircraft by the force of 
aerodynamic drag acting against the vehicle. In fact, this is an 
inevitable consequence of entering the Earth’s atmosphere. 

 ► As the spacecraft slows down and descends, the kinetic energy 
and potential energy is ultimately dissipated as incredibly 
high amounts of heat. The kinetic energy of a Space Shuttle 
immediately after a deorbit burn to start atmospheric entry is 
almost 3 × 1012 joules. 

 ► If the shuttle was in orbit with the International Space Station at 
an altitude of 400 kilometers, then the potential energy that is lost 
during entry is about 3.7 × 1011 joules. Adding those up, the shuttle 
dissipates 3.3 million megajoules within just about half an hour. If 
heat could be converted into electricity, that would be an average 
power of 1.85 gigawatts.

 ► Note that it’s possible to enter and exit the atmosphere more than 
once in order to dissipate even more energy. Apollo missions had 
an un-used capability called Skip Guidance that allowed for the 
possibility of dipping briefly into and out of the atmosphere, before 
continuing its descent at a lower rate. 

 ► Three U.S. missions to Mars have used a far more prolonged 
version of multiple entries called aerobraking: Because the 
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Martian atmosphere is so thin, hundreds of passes in and out of 
the atmosphere are made over a period of 3 or 4 months.

Earth’s Atmosphere

 ► The thickness of Earth’s atmosphere depends on the density of 
air, which varies with altitude. The density decreases with altitude 
exponentially, meaning that most of the air molecules are clustered 
near the Earth’s surface. 

 ► But even the International Space Station encounters the effect of 
air, however small, at a height of about 400 km, or 249 miles. In fact, 
the orbit of the space station was initially at 350 kilometers, but the 
mission controllers found that the aerodynamic drag was significant. 

 ► In 2011, they used about 10,000 pounds of propellant to boost the 
station to 400 kilometers. There, they expected to cut in half the 
19,000 pounds of fuel per year previously needed to maintain the 
station’s orbit. 
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 ► The effects of the atmosphere continue out into space along a 
gradient, with vanishing impact. This makes it harder to define 
space as beginning at any single boundary or discrete edge of the 
atmosphere. But, that hasn’t stopped us from doing so. According 
to the U.S. Air Force, space begins at an altitude of 80 kilometers, 
or 50 miles.

 ► Another common definition of space, used internationally, is the 
metric-based Karman line, which is at 100 kilometers. This is 10 
times the typical cruising altitude of commercial airliners. 

 ► At this altitude, Theodore von Kármán calculated that an aircraft 
would have to travel faster than the orbital speed of 7.9 kilometers 
per second in order to generate enough lift to sustain flight. In other 
words, at an altitude of 100 kilometers and above, an airplane has 
too little air available to generate the lift it needs. Successful flight 
requires a spacecraft. 

 ► Although there is too little air beyond this point to lift an airplane, 
the ability of air to create drag continues into higher altitudes. Most 
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satellites, and all of human orbital spaceflight, have been in the 
initial layers of space where tiny amounts of drag are still present. 
This is low Earth orbit, rising to a maximum distance of roughly 
2000 kilometers. 

Entering from Space

 ► There are 3 main methods to enter the atmosphere from space. 
First is the ballistic entry, where virtually only atmospheric drag is 
acting on the vehicle. Any lift produced is very small, giving a lift-
to-drag ratio of less than 1. Because lift is so small, pilots have 
little control of the spacecraft’s trajectory. 

 ► Instead, the spacecraft simply falls back to Earth, and lands 
wherever the trajectory takes it. All of NASA’s early missions—
including Mercury, Gemini, and Apollo—were ballistic entries, 
and the landing zones were always over water due to the lack of 
precision control of the landing site.

 ► Next is the skip entry, where the vehicle has a lift-to-drag ratio of 
between 1 and 4. Using a modest amount of lift, the astronaut 
can manipulate the trajectory of the spacecraft to dip into the 
atmosphere, exploit the lift acting on the spacecraft, and pull back 
out with a reduced velocity. Then, the process can be repeated to 
gradually reduce the spacecraft’s velocity. 

 ► The third entry maneuver is a glide. For this type of entry, the 
spacecraft must generate enough lift to substantially alter the 
trajectory of the vehicle. With lift-to-drag ratios of 4 and higher, 
this trajectory allows precise control of the touchdown location. It 
also allows a much longer distance between the beginning of entry  
and touchdown. 

 ► For example, a typical Space Shuttle flight, with a lift-to-drag ratio 
of 4.5, would first encounter the atmosphere on entry while still over 
5000 miles away from its landing spot at Kennedy Space Center.
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Reentry Drama: Apollo 13

 ► There are 2 main constraints on the entry of a spacecraft into 
the Earth’s atmosphere for a safe landing. One is the maximum 
amount of deceleration encountered by the spacecraft. The 
second is how much it heats up.

 ► If the trajectory of a spacecraft through Earth’s atmosphere is too 
steep, then the g-loading will be too high for the astronauts, and 
the intense heating rate could lead to the spacecraft burning up. 
However, if the spacecraft enters with too shallow of an angle, an 
overshoot beyond the desired trajectory results, with the risk of 
skipping off the atmosphere and back into space. 

 ► These constraints, from gravity and from temperature, define an 
incredibly narrow entry corridor that the spacecraft must achieve. 
The risks of this narrow entry corridor were clear with the drama 
of Apollo 13. 

 ► The astronauts were on a crippled vehicle with extremely limited 
fuel, since their primary means of maneuvering had been disabled 
by the explosion of an oxygen tank on the outbound leg of their 
journey to the Moon. After rounding the Moon on the free-return 
trajectory, they were on a course back towards Earth. 

 ► The problem was that the trajectory they were on would not line 
them up for the correct entry corridor. Maneuvering burns with 
their crippled spacecraft were extremely challenging. They used 
the lunar module for all of their maneuvering, but this was not the 
original designed intent. 

 ► The mission controllers went through extensive planning, 
calibration, and alignment to get the burn just right. After the 
astronauts rounded the Moon, they performed a carefully 
calculated burn of exactly 4 minutes and 24 seconds. This burn 



224 Lecture 23 • Atmospheric Reentry: Ballistic, Skip, Glide

then lined them up perfectly for the optimal entry corridor, defined 
by a descent angle of 6.5 degrees.

 ► This entry corridor was precise. If the Apollo 13 astronauts came in 
at an angle below 5.3 degrees, they would overshoot the desired 
trajectory and skip off the atmosphere. This skip would result in 
an escape trajectory, hurtling them off into space with no hope  
of return.

 ► On the other hand, if their spacecraft came in at an angle steeper 
than 7.7 degrees, their descent would be too aggressive, leading to 
excessive g-loading and high thermal loading on the spacecraft. So, 
if they came in too steep, they risked burning up and being crushed.

 ► There was also a radio blackout during the heat of entry to contend 
with. Mission control expected to reestablish radio contact after a 
4.5-minute blackout period. However, an additional 87 seconds 
went by before contact was reestablished, due to a shallower-
than-planned angle of entry through the blackout zone.

 ► But the astronauts on board the crippled spacecraft prevailed. 
The capsule continued its descent and parachuted into the South 
Pacific Ocean for a successful return. For an in-depth look at 
some of the math behind this return, refer to the video.

Dealing with Heat

 ► For a successful entry, it’s desirable for all of the aerodynamic 
heating to go into the air, rather than into the spacecraft. The 
way to accomplish that is through careful thermal protection 
systems. Two main strategies have traditionally been discussed 
for protecting a spacecraft from this intense heat.

 ► The first strategy is to use an ablative coating called a heat shield. 
This involves heat dissipation by vaporization of the material 
used on the shield. Because phase changes of a material require 
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substantial energy, and yet don’t result in a temperature change, 
this is a very effective way of controlling the temperature on the 
capsule surface. As the material ablates or vaporizes, it carries the 
heat away from the capsule instead of allowing the heat to build up 
on the surface.

 ► These ablative coatings were used on all of NASA’s early missions. 
Mercury, Gemini, and Apollo all benefitted from this strategy. More 
recent spacecraft examples include the Russian Soyuz reentry 
capsule and SpaceX’s Dragon capsule. After rapid deceleration 
and heating through the atmosphere, these capsules descend the 
last few thousand feet via parachute.

 ► The second thermal protection scheme is radiative cooling. This 
was the predominant approach used on the Space Shuttle, which 
required a reusable design. While the ablative coatings were 
extremely effective, they were not very well suited for a reusable 
spacecraft due to the need for complete refurbishment after  
each mission.

 ► Innovative thermal tiles were developed for the Space Shuttle, 
the most important of which were the black tiles surrounding the 
bottom and nose of the shuttle orbiter. The main features of these 
tiles are high emissivity and a high melting point. High emissivity 
means that the tile will radiate heat away very efficiently. 

Suggested Reading

Anderson, Introduction to Flight, chapter 8.
Launius and Jenkins, Coming Home.
Lovell and Kluger, Lost Moon.
Sellers, Understanding Space, chapter 10.
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Questions

1. What are the key risk factors affecting atmospheric reentry? What are 
the tradeoffs between these that must be considered when planning a 
mission trajectory?

2. Why do spacecraft have blunt leading edges instead of the sharp 
leading edges seen on high-speed aircraft?

Answers

1. The key risk factors are g-loading (deceleration) on the spacecraft, 
heating, and skipping off the atmosphere. If the trajectory is too shallow, 
the capsule risks generating enough lift to skip off the atmosphere, 
potentially on a trajectory that would take it away from Earth. If the 
entry trajectory is too steep, however, the g-loading could exceed safe 
levels that the astronauts could sustain (over 10 g’s), and aerodynamic 
heating could exceed the ablative and dissipative capabilities of the 
spacecraft’s thermal protection system.

2. A rounded leading edge produces a bow shock when the spacecraft is 
traveling at supersonic speeds or higher (most of the entry trajectory), 
while a sharp leading edge will produce an attached shock. While the 
attached shock offers less drag (which is advantageous for supersonic 
flight of aircraft), it also induces higher aerodynamic heating on the 
edges. This happens because the bow shock keeps the heated gas 
farther away from the surface, allowing the heated air to more readily 
flow past the vehicle without transferring heat to the spacecraft’s surface.
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LECTURE 

24
The Future of Air 
and Space Flight

This lecture covers some highlights from the combined fields of 
aerial flight and space flight. It starts with a look at innovative ideas 

for reducing the cost of reaching space. Then, the lecture turns to the 
challenge of flying on Mars, where there is much less air to help generate 
lift. After that, the next topic is environmentally friendly aircraft. Next, the 
lecture examines the challenges of automated personal aircraft, followed 
by an innovative way to reduce drag. The course concludes with what we 
can learn from birds.

Alternate Ways to Space

 ► One idea for reducing the cost of access to space is to combine 
aircraft and spacecraft. An example is the White Knight aircraft and 
the SpaceShipOne capsule, developed by Scaled Composites in a 
push to be the first privately funded spaceflight. The idea is that if 
a large-enough aircraft can be built, it could lift a rocket assembly 
to high altitude for the launch to start there.

 ► On June 21, 2004, the White Knight carrier aircraft lifted Mike 
Melvill in SpaceShipOne up to an altitude of 47,000 feet before 
the spacecraft separated from the mothership. The rocket on 
SpaceShipOne used a hybrid rocket for propulsion. This was a 
combination of solid rocket fuel with liquid oxidizer. 
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 ► After separation from White Knight, Melvill fired his hybrid rocket, 
which accelerated the spacecraft on a suborbital parabolic 
trajectory. The apex of this trajectory took him to an altitude of 
100.124 kilometers. That’s 124 meters above the Karman line, the 
common international definition of the edge of space. Using fins 
on his vehicle, Melvill glided back into the Mojave spaceport for a 
successful landing.

 ► Another approach to reaching space is based on this question: 
Would it be possible to construct a building that would reach into 
space? It would have to be only 100 times higher than the current 
tallest building in the world, which probably isn’t plausible due 
to the immense compressive load that the building’s foundation 
would have to support. 

 ► A related concept is a space elevator. One challenge with this 
endeavor is achieving the necessary strength-to-weight ratio of 
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the material used to make the elevator’s tether. Another problem 
would be space debris striking the tether.

Flying on Mars

 ► Researchers at both NASA and the Japan Aerospace Exploration 
Agency have studied the idea of building an aircraft to fly in the 
Martian atmosphere. When exploring Mars, these aircraft would 
offer the tremendous advantage of covering much more ground in 
a given amount of time than a land-based rover.

 ► Martian aviation presents a number of unique technical challenges. 
First, and most significantly, the Martian atmosphere has roughly 1 
or 2 percent of the air density at the same altitude as on Earth. This 
means that an aircraft attempting to fly on Mars would produce 
only about 1 percent of the lift that could be achieved on Earth. 

 ► But, on the bright side, the gravity on Mars is only 38% of what 
it is on Earth, so a given mass will weigh 62% less on Mars. 
Considering the lower density combined with the lower weight, a 
wing would have to be 23 times larger in order to fly at the same 
flight speed on Mars. 

 ► Or, for the same-size wing, the aircraft would have to fly 5 times as 
fast in order to stay aloft. A Martian aircraft requires a much bigger 
wing, faster speed, or some combination of the two.

 ► Increasing the wing area is constrained by the fact that the entire 
aircraft has to fit within a larger spacecraft for transport to Mars. 
One idea to work around this limitation is to use inflatable wings, 
which are rolled up for storage on the long interplanetary flight. 

 ► Regarding increasing speed: On Earth, we’ve learned hypersonic 
vehicles—those that exceed Mach 5—can increase the lift-to-drag 
ratio by riding on its own shock waves. A hypersonic vehicle that 
rides on shock waves can travel faster or farther.
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 ► In one idea for making use of hypersonic flight, Boeing has 
proposed a 3-stage launch into low-Earth orbit. It would start with 
a reusable supersonic carrier aircraft, then a reusable second-
stage hypersonic vehicle, followed by a third-stage rocket.

 ► Another idea is HyperSoar, which is a hypersonic concept that 
calls for a hydrogen propulsion system flying at Mach 10 or more. 
This flies above the atmosphere to avoid overheating. It would 
skip in and out of the atmosphere repeatedly until time to descend 
to the destination.

Environmentally Friendly Aircraft

 ► Moving toward the goal of environmental friendliness, concepts 
for all-electric aircraft exist. One example is NASA’s Greased 
Lightning. Here, the idea is to reconfigure the propulsion system 
to rely on propulsion from motors and battery packs instead of 
burning fossil fuels in the engine. 

 ► A major advantage is that emissions and exhaust fumes are 
removed from the aircraft’s operating environment. Around 
airports this improves the local air quality, and reduces the risk 
of lead poisoning. (In the United States, piston-engine aircraft still 
burn leaded gasoline.)

 ► The use of electric motors can decentralize the production of thrust 
on an aircraft. This allows a larger number of smaller engines to 
be used, instead of the few, large engines that are used today. 

 ► Electric aircraft concepts have led to a push towards solar-
powered flight, like on the Solar Impulse 2. If the efficiency of solar 
cells is great enough, and battery storage capacity and reliability 
are good enough, an aircraft could remain up indefinitely. 

 ► Aircraft flying at very high altitudes will be above the weather and 
the clouds, making persistent daytime solar energy collection a 
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straightforward matter. If the battery capacity is high enough to 
keep the aircraft aloft throughout the night, then the aircraft could 
stay aloft indefinitely.

 ► Long-endurance solar-powered technologies were demonstrated 
on an around-the-world flight of the Solar Impulse 2, piloted by 
Bertrand Piccard and André Borschberg in a tag-team fashion. 
This aircraft, with 4 electric motors and an array of wing-mounted 
solar cells, became the first solar plane to complete a non-
continuous circumnavigation of the globe in July 2016. 

Automated Personal Air Vehicles

 ► In the near future, we may see personal air vehicles, where many 
(but not all) of the vehicle’s functions are automated. A pilot of such 
a vehicle would not necessarily have to be trained in the traditional 
stick-and-rudder skills that today’s pilots need for safe control of 
the aircraft. 

 ► Instead, pilots of these aircraft with enhanced autonomy would 
only have to provide high-level decision-making to reroute the 
aircraft around dangerous spots, for example, to circumnavigate a 
developing thunderstorm.

 ► For safe operation of personal air vehicles without highly trained 
pilots, it’s important to have some kind of backup system in case 
things go wrong. If the engine fails on the personal air vehicle, an 
untrained pilot would not know how to guide the vehicle in for a 
safe landing. 

 ► One countermeasure could be a parachute—not just for the 
person, but for the entire vehicle. That way, both the person and 
the vehicle could be saved in the event of a failure. This idea is 
already on some aircraft: Those made by Cirrus have a built-in 
parachute for the entire aircraft.
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Reducing Drag

 ► Another efficiency-enhancing effort in aviation is the continual 
push for reduced drag. There’s an intriguing opportunity for drag 
reduction at the cost of some operational flexibility and the need to 
stay near the ground.

 ► From the earliest days of aviation, pilots have noticed that aircraft 
tend to “float” when about 1 wingspan’s length from the ground. In 
this near-ground region, the aircraft experiences increased lift and 
a reduction of induced drag. This is known as the ground effect. 

 ► A few aircraft have been built and flown that rely on the ground 
effect for efficient flight. Russian designer Rostislav Alexeev was 
behind the development of several massive ekranoplan aircraft. 
These measured hundreds of feet long and weighed over 500 
tons. They flew at over 300 miles per hour, just a few feet above 
water. These vehicles depended upon ground effect; otherwise, 
they couldn’t generate enough lift to fly.

Birds and Flapping Wings

 ► Most birds regularly flap their wings to stay aloft, but nearly every 
man-made aircraft ever built does not have flapping wings. Why is 
there such a discrepancy? Are there different physics involved for 
birds and airplanes?

 ► Flapping flight is an aerodynamically efficient approach to flight, 
since the flapping motion generates unsteady flow and a small 
tornado-like vortex with each beat of the wing. The presence of 
this vortex near the wing produces very low pressure on the wing 
surface, which yields extra lift.

 ► If this approach is so aerodynamically efficient, why don’t 
commercial airliners do this? One of the main differences is that 
the unsteady aerodynamics of wing flapping are mostly beneficial 
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at a low ratio of inertial forces to viscous forces. That’s expressed 
by the Reynolds number, which is the ratio of inertial forces (from 
pressure and velocity) over viscous forces (from the “stickiness” 
of air). 

 ► Due to their smaller scale and lower speed, birds fly at much 
lower Reynolds numbers than manned aircraft, so the relative 
importance of viscosity is much greater for birds. If a Boeing 
747 could flap its wings, the plane might get some help from the 
unsteady aerodynamics, but the benefit wouldn’t be as great at the 
high Reynolds numbers involved.

 ► Technology gaps also prohibit human-built machines from 
achieving the same performance as avian or insect flight. The 
mechanisms needed in an airplane to flap the wings would be 
complex, heavy, and prone to mechanical breakdown. 
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 ► These challenges might be overcome through something called 
smart structures, which have a high strength-to-weight ratio, 
are flexible, and can be directly actuated. Interestingly, these 
smart structures are becoming much like the highly refined 
musculoskeletal structures that allow birds to efficiently flap  
their wings.

Suggested Reading 

Alexander, Why Don’t Jumbo Jets Flap Their Wings?
Jackson, Jane’s All the World’s Aircraft.
Raymer, Aircraft Design: A Conceptual Approach.
Smith, The Illustrated Guide to Aerodynamics, chapter 10.

Questions

1. What are the unique aerodynamic challenges of flying an aircraft on 
Mars?

2. What are the critical technical challenges of flapping-wing flight of a 
manned aircraft?

Answers

1. Compared to Earth, the atmosphere on Mars is less dense, the 
temperature is lower, gravity is lower, and the gas constant for the 
CO2-based atmosphere is about one-third lower than that of Earth. 
The implications of these changes are numerous: First, the Reynolds 
number, which indicates the relative importance of viscosity, is much 
lower due to the lower density of the Martian atmosphere. With viscous 
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effects becoming more significant, the flow over the wing is more 
susceptible to separation. 

At the same time, the speed of sound in the Martian atmosphere is lower 
due to the lower temperature. For a given flight speed, as the speed 
of sound drops, the flight vehicle’s Mach number increases, which 
increases compressibility effects. One scenario that becomes more 
likely is shock-induced separation, where the adverse pressure gradient 
associated with the shock interacts with the thick boundary layer of the 
low Reynolds number flow, causing the boundary layer to separate.

2. Flapping-wing manned aircraft, called ornithopters, are very rare. 
The actuation mechanisms tend to be large and heavy, and the 
flapping process would induce vibrations that could be objectionable 
to passengers. Also, the biggest aerodynamic advantages of flapping 
flight come from flight at low Reynolds numbers, where viscous effects 
lead to shedding of vorticity that enhances lift. Manned ornithopters, 
due to their size, operate at higher Reynolds numbers where these 
beneficial viscous effects are diminished.

Birds and insects benefit from structural synergy, where their 
musculoskeletal system offers high strength, low weight, and flexibility. 
Aircraft structures would need new materials that offer these benefits, 
since strength, weight, and flexibility tend to be mutually exclusive with 
current materials.
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Glossary

Note: The annotation in parentheses following each entry indicates the 
lecture of the first appearance or the lecture(s) to which the term is most 
relevant.

2-body problem: Relatively simple orbital mechanics problems involving a 
spacecraft and only one large body such as a planet. A common example 
is a satellite in Earth orbit. Contrast with the 3-body problem, or n-body 
problems. (L21)

3-body problem: The orbital mechanics problem of a satellite affected by 
the gravitational fields of 2 large bodies. The most common example is a 
spacecraft in the Earth-Moon system. (L21)

4-stroke engine: A typical cycle of an internal combustion engine, 
comprised of the intake stroke, compression stroke, power stroke, and 
exhaust stroke. (L7)

absolute ceiling: The altitude at which an aircraft rate of climb asymptotes 
to zero feet per minute. It represents an absolute altitude limit for aircraft and 
depends on the aerodynamic drag and propulsion system characteristics. 
(L11)

adiabatic: A situation where there is no heat transfer across a boundary: 
well insulated. One example is the adiabatic rocket nozzle, where heat 
transfer through the nozzle wall is considered negligible. (L6, L20)

advance ratio: (J = V / nD). A nondimensional expression of the forward 
movement of a propeller. Calculated by dividing the aircraft forward flight 
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speed (V), by the product of propeller rotation speed (n) and propeller 
diameter (D). (L7)

adverse pressure gradient: An increase in pressure as the flow moves 
along the wing. It’s adverse because the increasing pressure leads to flow 
separation, and promotes boundary layer transition. (L4)

aerobraking: An orbital maneuver where the spacecraft trajectory is 
brought close enough to a planet’s atmosphere that aerodynamic drag acts 
to decelerate the spacecraft. A series of many partial atmospheric entries 
may be used for aerobraking. (L23)

aerodynamics: The study of the way air moves around an aircraft, 
to predict forces of lift and drag; in a broader sense, may also include 
interactions of lift and drag with forces of weight and thrust. (L1)

aeronautics: All things dealing with the science, engineering, and practice 
of flight through the atmosphere. (L1)

afterburner: Adds substantial energy to the exhaust of a jet engine by 
directly injecting fuel into the flow between the turbine exit and the nozzle. 
Used to increase dramatically the thrust on military aircraft, but at much 
higher fuel costs. (L8)

ailerons: Aircraft control surfaces positioned near the wing tips, which 
control the roll (bank) of the aircraft. They are deflected differentially: For 
a roll to the left, the right aileron deflects down and the left aileron deflects 
up. (L1, L10)

aileron roll: An aerobatic maneuver where the aircraft rolls about its 
longitudinal axis. (L14)

air-cooled engine: An internal combustion engine that relies upon air 
passing over the cylinder heads to remove waste heat from the combustion 
process. (L7)
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air route traffic control center (ARTCC): The component of the air traffic 
control network that covers large swaths of the country for high-altitude 
flights. Commonly referred to by the name of the region with “center” as a 
suffix. (L17)

air traffic control (ATC): The system of people and surveillance equipment 
that monitors and directs traffic flow to ensure safety and efficiency of air 
transportation. (L5, L17)

airfoil: A two-dimensional cross-section of a wing (running from leading 
edge to trailing edge), with curved surfaces that produce lift via low pressure 
on the upper surface and high pressure on the bottom surface. (L3)

airspeed: (V). The flight speed of an aircraft, which can also be thought of 
as the speed of air molecules rushing towards the aircraft. Standard units 
for calculations are feet per second or meters per second, but commonly 
used units during travel are knots, miles per hour, or, for spacecraft, 
kilometers per second. (L1)

airspeed indicator: A cockpit instrument that displays indicated airspeed to 
the pilot, which is computed from a measurement of the aircraft’s dynamic 
pressure, coming from measurement of total pressure and static pressure. 
(L16) 

airworthiness certification: Determination by a regulatory body (such as 
the FAA) that an aircraft is safe for flight. (L15)

altimeter: A cockpit instrument that provides a measurement of altitude 
based on a pressure measurement. (L16)

altitude: (h). The height of an aircraft above ground level (AGL), or 
above mean sea level (MSL). AGL altitude is most often used for terrain 
avoidance, while MSL altitude is used for vertical separation of aircraft. (L2)

angle of attack: (α). The angle of the chord line of the wing with respect to 
the oncoming flow. Units are degrees or radians. (L1, L3)
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anisotropic: A material whose properties differ depending on the direction 
of applied load. (L9)

aphelion: The point at which a satellite is farthest away from the Sun, a 
special case of an apoapsis. (L22)

apoapsis: The point at which a satellite is farthest away from the body 
that it is orbiting, where the potential energy is the highest and the kinetic 
energy is lowest. Also see specific cases of apogee (for Earth orbit) and 
aphelion (for Sun orbit). (L21, L22)

apogee: The point at which a satellite in Earth orbit is farthest away from 
Earth. At this point of the orbit, the kinetic energy is the lowest and the 
potential energy is the highest. A more general term for a similar point in 
orbit around any planetary body is apoapsis. (L21)

Archimedes principle: The buoyancy force acting on a submerged body 
is equal to the weight of the displaced fluid. Also see buoyancy force. (L2)

artificial horizon: A gyroscopic-based instrument in the cockpit of an 
aircraft that provides a representation of the horizon, giving the pilot an 
indication of the pitch and roll attitude of the aircraft. Also called an attitude 
indicator. (L16)

area rule: The idea that transonic drag can be minimized by avoiding 
discontinuities in the cross-sectional area of an aircraft. This principle, 
developed by Richard Whitcomb, leads to the waisted fuselage shape of 
high-speed aircraft such as the YF-102A. (L12) 

aspect ratio: (AR = b2 / S). A measure of the slenderness of the wing, 
ranging from roughly 10 (very slender) to 2 (short). It’s calculated by 
dividing the square of wing span (b2) by the wing area (S). (L5)

attitude indicator: See artificial horizon. (L16)
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automatic dependent surveillance–broadcast (ADS-B): A next-
generation alternative to radar for aircraft surveillance, ADS-B involves 
aircraft automatically broadcasting their precise location, altitude, velocity, 
and identification at periodic intervals. (L17)

autopilot: A control system for the aircraft that automatically actuates the 
control surfaces in order to maintain a desired flight condition (attitude and/
or flight path). (L5, L11, L16)

autorotation: The controlled descent of a helicopter that has lost power. 
The descent is slowed by the rotor blades acting as a windmill, extracting 
kinetic energy from the descent and converting it into rotational energy of 
the blades. (L19) 

avgas: The form of gasoline used in piston-powered aircraft. It’s a leaded 
fuel in order to meet the high performance and reliability necessary for 
aircraft engines. (L24)

avionics: A general term for aircraft electronics, but usually refers to 
modern instrumentation and systems that involve microprocessors. (L16)

axial compressor: A jet engine configuration where the flow predominantly 
follows a path through the compressor that is parallel to the longitudinal 
axis of the engine. (L8)

back side of the power curve: The region of slow flight where the drag 
increases as the airspeed decreases, requiring additional power to maintain 
level flight at slower speeds. (L11)

ballistic coefficient (BC): Describes the effect of drag on a spacecraft; 
it’s calculated by dividing the vehicle’s mass by the product of drag 
coefficient and reference area. Governs the deceleration rate (g-loading) of 
a spacecraft on reentry. (L23)
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ballistic entry: A reentry trajectory for spacecraft that essentially falls with 
only atmospheric drag acting on the body (no lift). Characterized by high 
g-load and high thermal load. (L23)

balloon: A lighter-than-air aircraft that produces lift through buoyancy. (L2)

bending: Occurs when a load is applied to a structure, such as a beam, 
that results in compression, tension, and shear occurring at various 
locations throughout the structure. (L9)

barrel roll: A relatively benign aerobatic maneuver, where the pilot rolls 
the aircraft about an axis parallel to its flight path. This maneuver can be 
achieved while maintaining 1-g conditions throughout. (L14)

base leg: The portion of the conventional flight pattern of aircraft at an 
airport where the aircraft flies perpendicular to the runway, turning from the 
downwind leg and preparing for turn to the final approach. (L14)

Bernoulli equation: A key principle, arising from the conservation of 
momentum, that describes the inverse relationship between pressure and 
velocity. It states that the sum of static pressure (P) and dynamic pressure  
(1⁄2 ρV 2) must be a constant in an incompressible flow. (L3)

biplane: An aircraft with 2 wings, usually mounted with one over the other. 
Biplanes were much more prevalent in the early days of aviation, but also 
still exist today on the airshow circuit due to their structural advantages in 
high wing-loading situations. The most notable example of a biplane is the 
Wright Flyer. Contrast with monoplane. (L15)

black box: See flight data recorder and cockpit voice recorder. (L16)

bluff body: An aerodynamic body that has a large surface area on the 
back side, leading to a large region of separated flow and high-pressure 
drag. (L4)
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bound vortex: An analytical construct used for analyzing the lift production 
of a wing, it’s a vortex filament (line) that is fixed to the wing, running along 
the span of the wing with the ends turning to extend an infinite distance 
downstream. (L6) 

boundary layer: The thin layer of fluid (air) adjacent to a hard surface that 
is directly impacted by viscosity. (L4)

Breguet range equation: An equation for estimating the maximum range 
of an aircraft, which depends on airspeed (V), gravity (g), specific fuel 
consumption (SFC), lift-to-drag ratio (L/D), and the natural log of the ratio of 
initial weight to final weight:. R = (V/g) SFC−1(L/D) ln (Winitial / Wfinal) (L13, L15)

brownout: Obscured visibility encountered by helicopter pilots, when 
the rotor-induced velocity kicks up sand and dust while hovering or 
maneuvering close to the ground. (L19)

buckling: The failure mode of a structural material such as wing panels 
under compression. It is an instability that results in large transverse 
deformations of the material. (L9)

buoyancy force: (Fb). The upward force acting on any lighter-than-air vehicle, 
equal to the weight of the displaced fluid. Force (in units of pounds or Newtons) 
equals density times gravitational constant times volume: Fb = ρgV. (L2)

bypass duct: The duct downstream of the fan on a turbofan engine, which 
carries the bypass flow through to the exit. (L8)

bypass flow: The flow of air passing through the fan instead of the core of 
a turbofan engine. (L8)

bypass ratio: The ratio of bypass mass flow rate to core mass flow rate for 
a turbofan engine. High bypass ratios are on the order of 10, and provide 
more efficient flight since less energy is wasted in the high-velocity core 
flow. (L8)
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camber: The amount of curvature of an airfoil geometry, leading to 
asymmetry between the upper and lower surfaces of the airfoil. (L3, L5)

canard: A small wing-like structure mounted forward of the main wing; 
provides longitudinal stability in a manner similar to the horizontal tail 
(which it often replaces). (L10)

center of gravity: A centroid, or center point, for all the mass of a body 
such as an airplane or rocket. (L10)

center of pressure: The location of the net force acting on a body, found 
by integrating the pressure distribution over the entire body. (L10)

centrifugal compressor: A jet engine configuration where the compressor 
spins the air molecules radially outward and through a diffuser to compress 
the flow. Contrasts with the axial compressor found on most jet engines. (L8)

centrifugal force: An apparent force acting on a body following a curved 
path that pushes it outward. (L3)

centripetal force: A force acting on a body following a curved path, directed 
toward the center of rotation, that makes the body follow the curved path. (L3)

choke point: The point of minimum area within a converging-diverging 
nozzle where the flow velocity is sonic. This location is so-named since this 
area limits the total mass flow through the system. (L20)

chord: The distance from the leading edge to the trailing edge of an airfoil 
or wing. (L5)

clearance delivery: The component of the air traffic control network that 
provides flight routing information to the pilot before takeoff. Pilots file a 
flight plan, and clearance delivery either clears the flight “as filed” or issues 
an amended flight plan. (L17)

climb angle: The angle of an aircraft’s flight path above horizontal. (L11)
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cockpit voice recorder: Makes a continuous loop audio recording of all 
sounds present in the cockpit. Provides a record of 2 hours of cockpit audio 
prior to an aircraft accident. (L16)

coffin corner: The corner of the flight envelope that is bounded by 
aerodynamic stall for minimum airspeed and maximum power available for 
high speed. The 2 speed limits converge at high altitude, creating perilous 
conditions that have led to numerous accidents. (L11)

collective: The control on a helicopter that uniformly pitches the blades 
up or down to control the ascent or descent of the flight vehicle. Also see 
cyclic. (L19)

Collier Trophy: Awarded annually since 1911 “for the greatest achievement 
in aeronautics or astronautics in America, with respect to improving the 
performance, efficiency, and safety of air or space vehicles, the value 
of which has been thoroughly demonstrated by actual use during the 
preceding year.” (L6)

combustor: The component of a turbofan or turbojet engine where the 
fuel-air mixture is burned, increasing the energy of the flow. (L8)

composite materials: Provide high strength and low weight by exploiting 
anisotropic properties of various materials sandwiched together. (L9)

compressible aerodynamics: When the flight speed of the aircraft 
approaches the speed of sound, the air can’t move out of the way fast enough 
and the aerodynamic forces increase to a greater extent. Compressible 
effects increase from being negligible at Mach numbers less than 0.3 to 
being very important at Mach numbers between 0.8 and 1. (L1, L12)

compression load: When a structural load is applied to a material such 
that the molecules are moved closer together. An example of compression 
on an aircraft is the wing panels on the upper surface of a wing under 
bending. (L9)
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compression stroke: The portion of the cycle on a 4-stroke engine where the 
fuel-air mixture is compressed as the piston moves within the cylinder. (L7)

compressor: The part of a turbofan or turbojet engine that compresses the 
air to higher pressure. (L8)

computational fluid dynamics (CFD): Computer simulations of fluid 
flow (aerodynamics) by solving discretized forms of the Navier-Stokes 
equations. (L6)

conservation of angular momentum: Somewhat analogous to the 
conservation of (linear) momentum, but applied to rotating systems. 
Angular momentum is proportional to the product of moment of inertia and 
angular speed. (L21)

conservation of energy: The principle that energy cannot be created, 
nor can it be destroyed. This is one of the foundational principles of 
thermodynamics, and leads to the energy equation, which describes the 
relationship between temperature (a measure of internal energy of a flow) 
and velocity (a measure of kinetic energy of the flow). (L6)

conservation of mass: The principle that mass cannot be created, nor can 
it be destroyed. The mass flow rate through a streamtube (ṁ)—equal to the 
product of density (ρ), velocity (V), and cross-sectional area (A) —must be a 
constant. This useful relationship describes the inverse relationship between 
velocity and area in wind tunnels. Also see mass flow rate. (L3, L6)

conservation of momentum: The principle that momentum cannot 
be created or destroyed. Newton’s second law is an expression of the 
conservation of momentum, and the Bernoulli equation comes from this 
concept. (L3, L6)

constant-speed propeller: A variable-pitch propeller, where the blade 
pitch is adjusted automatically by a governor at the hub designed to 
maintain constant rotation speed (as set by the pilot). The constant-
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speed propeller is useful for optimizing propeller efficiency over a range of 
operating conditions. (L7) 

control tower: The component of the air traffic control network that clears 
flights for takeoff. (L17)

control volume: A small, imaginary “chunk” of fluid with defined boundaries 
that is helpful for analyzing many fluid flow problems. (L6)

core: The part of a turbofan engine that contains most of the rotating 
machinery (the compressor, combustor, and turbine). (L8)

critical Mach number (also critical condition): The flight Mach number 
at which sonic flow first occurs somewhere on the aircraft. Represents the 
flight speed above which the transonic drag rise will be significant. (L12)

cruciform tail: combination of a horizontal and vertical tail at the aft (rear) 
end of an aircraft, to provide longitudinal and directional stability. (L10, L15)

cruise climb: A climb with gradually increasing altitude, designed to 
maintain optimum flight speed and altitude for best fuel economy. (L13)

cyclic: The control on a helicopter that dynamically pitches each rotor 
blade up and down as it rotates around the rotor azimuth in order to control 
the flapping of the blades, which tilts the rotor plane and allows translational 
flight of the vehicle. Also see collective. (L19)

density: (ρ, “rho”). How many air molecules are present in a given volume, 
expressed as mass per unit volume. Units are slugs per feet3 in English 
units or kilograms per meters3 in the metric system. (L1, L2)

deorbit burn: A retro burn used to decrease the kinetic energy of a 
spacecraft by an amount sufficient to commence atmospheric reentry. (L23)
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departure control: The component of the air traffic control network that 
manages flights in the terminal area shortly after they have taken off from 
the runway. (L17)

detect-and-avoid (DAA): The principle of detecting other aircraft in the 
surrounding airspace and successfully planning and executing evasive 
maneuvers in order to ensure safe separation. On manned aircraft, this 
capability is readily performed by the pilot visually identifying the other 
aircraft, but on unmanned aircraft other technologies and systems must be 
relied upon. (L18)

dihedral angle: The amount of upward tilt of the wings (when viewed from 
behind, looking along the length of the aircraft), to enhance lateral (roll) 
stability of an aircraft. (L10)

directional axis: The vertical axis of an airplane, projecting vertically out of 
the fuselage. Yaw is a rotation about the directional axis. (L10)

dirigible: A lighter-than-air aircraft that is powered and steerable. (L2)

disk loading: The ratio of thrust to rotor disk area for a helicopter. Similar 
to the definition of wing loading for a fixed-wing aircraft, disk loading is an 
indication of how highly loaded the rotor blades are, and how strong the 
induced velocity will be. (High disk loading yields high induced velocity.) (L19)

displacement: The volume of the cylinders in an internal combustion 
engine that are swept by the pistons, equal to the number of cylinders times 
the cross-sectional area of each cylinder, times the stroke of the pistons. 
The displacement is an indicator of how much power can be produced by 
an engine. (L7)

distance measuring equipment (DME): A call-and-response aircraft 
navigation system that allows aircraft to determine the slant range distance 
to a ground-based DME system. (L17)
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downwash: The downward-directed component of flow near a wing, which 
is a direct consequence of a wing producing lift. Downwash also changes 
the effective angle of attack experienced by the wing, leading to induced 
drag. (L11)

downwind leg: The portion of the conventional flight pattern of aircraft at 
an airport where the aircraft flies parallel to the runway, offset by a few 
thousand feet, and flying with the wind. (L14)

drag: (D) The aerodynamic force resisting the aircraft’s motion; one of 
the four main forces acting on an aircraft. Defined as being parallel to the 
direction of flight. Units are pounds or Newtons. The drag force is equal to 
the product of one half, times density (ρ), times the square of velocity (V2), 
times wing area (S), times the drag coefficient (CD). (L1)

drag coefficient: (CD). A measure of how aerodynamically “clean” or 
“dirty” an aircraft is. Smooth, streamlined aircraft have lower values of drag 
coefficient. Dimensionless. (L1)

drag, induced: The drag that is a byproduct of lift. It results from downwash 
across the wing that lowers the effective angle of attack experienced by the 
wing, and effectively tilts the lift vector in the rearward direction. (L5, L11)

drag, parasitic: The drag of the aircraft that comes from sources such 
as pressure drag and viscous drag, which are not dependent upon lift 
generation. (L4, L11)

drag polar: The variation of drag with the amount of lift produced by an 
aircraft. In graphical form, it’s a plot of drag coefficient versus lift coefficient. 
(L11)

drone: The colloquial term for any unmanned aircraft system (UAS), 
unmanned aerial vehicle (UAV), remotely piloted aircraft (RPA), or 
unmanned aircraft. Can include anything from consumer-grade quad 
copters to full-scale military systems such as the Predator, Reaper, or 
Global Hawk. (L18)
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dynamic pressure: (q = 1⁄2 ρV 2). An expression of the kinetic energy per 
unit volume of a flow; it’s proportional to the density and the square of 
velocity. For an incompressible flow, it’s equal to the difference between 
total pressure and static pressure (see the Bernoulli equation). (L6, L9)

dynamic stall: The phenomenon of unsteady stall, where the maximum 
lift is increased, and the maximum lift coefficient is increased beyond the 
static stall case due to the formation and movement of a vortex on top of 
the wing. The downside of dynamic stall is a significant transient pitching 
moment, which induces significant loading on a helicopter’s pitch links and 
limits the forward flight speed of traditional rotorcraft. (L19)

eccentricity, orbital: (e) The amount of elongation of an orbit. For a 
circular orbit, e = 1. Elliptical orbits have 0 < e < 1, while parabolic orbits 
have e = 1, and hyperbolic orbits have e > 1. (L21)

efficiency, propeller: (η, “eta”). The power supplied to the flow by the 
propeller, divided by the shaft power output of the engine. It’s a measure 
of how well the propeller transmits power to the flow, and is a function of 
advance ratio. (L7, L13)

elastic limit: The point at which the linear relationship between stress and 
strain breaks down. At stress levels beyond the elastic limit, there is plastic 
deformation of the material. (L9) 

electric ion thruster: A propulsion system based on accelerating an 
ionized propellant through an electric field to very high velocity. These 
systems provide very high efficiency (specific impulse greater than 3000 s), 
but low thrust (typically less than 1 Newton), making them suitable for long-
endurance interplanetary missions of space probes. (L22) 

elevator: Aircraft control surfaces positioned on the horizontal tail, which 
control the pitch of the aircraft. Downward deflection pitches the nose 
down; upward deflection pitches the nose up. (L1, L10)
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empty weight: The weight of the aircraft without any passengers, cargo, or 
fuel on board. (L15)

endurance: The maximum amount of time that an aircraft can stay in 
the air with a full load of fuel. The airspeed for maximizing endurance is 
determined by the drag polar, and is slower than the airspeed for maximum 
range. (L11)

energy equation: (CpT + V 2 / 2 = constant) Describes the conservation of 
energy for an adiabatic fluid flow by stating that the sum of internal energy 
(CpT) and kinetic energy (V 2 / 2) must be constant. Provides insight into 
the temperature variation within a flow, and an appreciation for the high 
stagnation temperature on the leading edge of high-speed aircraft. (L6)

entry corridor: The narrow swath of acceptable entry trajectories, bounded 
by a high-angle limit of excessive g-load or thermal load, and by a low-
angle limit of skipping off the atmosphere. (L23)

equal time theory (also equal transit time): The fallacious idea that air 
molecules traveling over the longer path on top of an airfoil must move 
faster in order to meet up at the same time at the trailing edge with 
molecules from the lower side of the airfoil. This is an incorrect explanation 
for lift. (L3)

escape velocity: The minimum speed of a spacecraft required to escape 
the gravitational field of a body being orbited. Since the escape trajectory 
straddles the boundary between parabolic and hyperbolic orbits, the escape 
velocity is equal to the square root of twice the gravitational parameter 
divided by the radius, or 41% greater than orbit velocity. Escape velocity 
for Earth orbit is 11.2 kilometers per second. (L21)

exhaust manifold: The plumbing of the exhaust valves on an engine that 
collects the byproducts of combustion. (L7)

exhaust stroke: The portion of the cycle on a 4-stroke engine where the 
byproducts of combustion are exhausted from the cylinder. (L7)
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fan: The first section of a turbofan engine, it accelerates a large mass of air 
by a small amount. (L8)

favorable pressure gradient: A decrease in pressure as the flow moves 
along the wing. It’s favorable because the decreasing pressure is resistant 
to flow separation and delays transition. (L4)

Federal Aviation Administration (FAA): The regulatory body (government 
agency) in the United States that is tasked with ensuring safety of flight. 
Responsible for providing air traffic control services and certifying the 
airworthiness of new aircraft. Other similar, leading aviation authorities 
include the European Aviation Safety Agency, Transport Canada, the Civil 
Aviation Authority (UK), and the International Civil Aviation Organization 
(UN). (L17) 

fence, wing: a flat plate, protruding upward from the wing that limits the 
spanwise development of stall. (L5)

figure of merit: The ratio of ideal power to actual power for a rotorcraft. 
Since the actual power required for flight will always be higher than ideal 
power (due to the extra power needed to overcome parasitic drag of the 
rotor blades, and other losses), the figure of merit will always be less than 1.  
Typical values are in the range of 0.75 or 0.8. (L19)

FIKI: “Flight into known icing” conditions—a certification standard for 
aircraft equipped with anti-ice and de-ice systems. (L5)

final approach: The last portion of a flight, immediately before landing, 
when the aircraft is lined up with the runway and on a stabilized descent for 
a smooth landing. (L14)

fixed-wing aircraft: An airplane with a wing mounted in a fixed position. 
Usually contrasted with rotary-wing aircraft such as helicopters. (L19)
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flaps: Mounted on the trailing edge of the wing, these change the shape 
of the wing to increase its lift coefficient, allowing for lower speed flight (the 
stall speed is lowered). (L5)

flight data recorder: A small data acquisition unit, often mounted in the tail 
of the aircraft, that simultaneously records multiple channels of flight-critical 
data. Useful for reconstruction of events that led to an aircraft accident. (L16)

flight envelope: Defines the performance limitations of the aircraft, 
primarily limited by the maximum power available from the propulsion 
system, the drag of the aircraft, and aerodynamic stall. (L11)

flight level: Assigned, discrete altitudes at which aircraft fly that occur in 
1,000 foot intervals between 18,000 and 60,000 feet above sea level. By 
definition, the altitude corresponding to a flight level is found with an altimeter 
set to standard sea level pressure (29.92 inches of mercury). (L16)

flight test: The measurement of aircraft performance, stability, and 
handling characteristics in flight. (L6)

flying boat: An amphibious aircraft, where the fuselage also serves duty 
as the hull of a boat when the aircraft is operating on water. The structural 
requirements of a boat hull result in a higher empty weight fraction of a 
flying boat relative to conventional aircraft. (L15)

free-return trajectory: The trajectory of a spacecraft in a three-body 
problem, successfully used by the crippled Apollo 13 spacecraft to return 
to Earth. The gravitational field of the Moon was used to “slingshot” the 
spacecraft back towards Earth. (L21)

freestream: An adjective used to denote that a given property—such as 
velocity, pressure, temperature, or density—is at a point far away from the 
aircraft in undisturbed flow. A subscript infinity symbol (∞) is often used on 
variables to indicate freestream conditions. (L1)
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fuel fraction: The fraction of the overall weight of the aircraft devoted to 
the fuel load. (L15) 

fuel pump: A turbopump that boosts the pressure of liquid propellants for 
combustion in a rocket engine. (L20)

fuselage: The main body of an aircraft. (L1)

gas constant: (R). Describes the amount of energy in a given mass of gas 
at a given temperature. Rair = 1716 ft-lb/(slug-°R) = 287 J/(kg-K). (L2)

gimbal: The pivoting of a rocket engine to vector the thrust as required for 
stable flight. (L20)

glass panel avionics: Modern cockpit instruments based on an integrated 
display of information on computer screens. (L16)

global positioning system (GPS): A network of satellites in orbit 20,200 
kilometers above Earth, launched and maintained by the U.S. Department 
of Defense, that provides positioning, navigation, and timing services 
to aircraft and many other users. Aircraft rely upon precise GPS data 
(augmented by correction signals) for aircraft navigation, independent of 
ground-based radio navigation aids. (L16)

glide path angle: (γ). The angle of the flight path with respect to the 
ground. Units are degrees or radians. (L1)

go-around: An aborted landing, where the pilot throttles up the engine 
and climbs away from the airport instead of landing. Performed any time 
the pilot deems it necessary for the safety of flight, or often in instrument 
conditions if the runway environment is not in sight at the specified decision 
altitude (L14, L17)

gravitational constant (G): An empirical constant, also called Newton’s 
constant, that is used to determine the gravitational attractive force between 
two bodies. G = 6.67 × 10−11 Nm2 / kg2. Also see gravity. (L21)
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gravitational acceleration: (g). The acceleration acting on an object due 
to the force of gravity. (L2, L21)

gravitational parameter: (μ) A useful constant appearing in Newton’s law 
of universal gravitation, it’s the product of the gravitational constant and the 
mass of the body being orbited. For Earth, μ = 3.896 × 1014m3 / s2. (L21)

gravity: The force attracting 2 bodies, which is proportional to the product 
of the mass of the 2 bodies, and inversely proportional to the distance 
between the two bodies. Gm1m2 / r 2 (L2, L21)

gravity assist: An interplanetary spacecraft trajectory that exploits the 
gravitational field of a planet (with its high angular momentum) to increase 
the velocity of a spacecraft. Used by Voyager 1 and Voyager 2 to obtain the 
necessary kinetic energy to travel to distant planets and ultimately leave 
the solar system. (L22) 

graveyard spiral: A slight unintended turn, typically encountered in poor 
visibility conditions, that devolves into an ever-tighter spiral dive. (L16)

great circle path: The shortest path between 2 points on the globe, it often 
forms grand arc when projected on a map. (L13)

ground control: The component of the air traffic control network that 
manages the movement (taxiing) of aircraft on the ground). (L17)

ground effect: The phenomenon of increased lift and reduced drag on an 
aircraft that is operating very close to the ground (within a height of about 
one wing span). This results from inhibited downwash from the wing, which 
reduced induced drag and provides a “cushion” of air that increases lift. 
Ground effect is usually observed as a tendency for an aircraft to float on 
landing. (L24)

gyroscope: The fundamental component of the attitude indicator, heading 
indicator, and turn coordinator. A spinning mass maintains a fixed orientation 
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of its spin axis in the inertial frame of reference due to conservation of 
angular momentum. (L16)

gyroscopic precession: Due to conservation of angular momentum, an 
applied force to a rotating system is manifested at a location 90 degrees 
later in the rotation. (L19) 

hammerhead: An aerobatic maneuver where the pilot pulls the aircraft up 
into a vertical climb, and then kicks the rudder to swing the tail around at 
the apex of the climb when the speed has decayed to nearly zero, followed 
by a dive. (L14)

heading: The direction that an aircraft’s nose is pointed, which is different 
from the aircraft’s actual course (because of wind). Air traffic control will 
give heading instructions to pilots to follow. (L16, L17)

heading indicator: A cockpit instrument that displays the heading of the 
aircraft. Based on a gyroscope’s rigidity in space, it’s also referred to as a 
directional gyro. (L16)

headwind: The component of wind that resists, or slows down, the speed 
of an aircraft above the ground. Flight into a headwind can be thought of as 
the aircraft moving through a mass of air that is going against the direction 
of flight. When possible, pilots will route a flight to avoid headwinds. (L13)

heat shield: An ablative coating on a spacecraft that dissipates heat 
through vaporization of the shield on reentry. (L23)

helicopter: An aircraft that produces its lift with a set of rotating wings (rotors). 
The plane of rotation of the rotors is tilted to take the aircraft in the desired 
direction of flight. Also called a rotorcraft or rotary-wing aircraft. (L18)

heliocentric: Centered on the Sun; can be considered an inertial frame of 
reference for spacecraft on interplanetary trajectories. (L22)



256 Glossary

hodograph: A plot with equal axes, where angles can be measured directly 
from the plot. Examples include the climb or glide hodograph, where climb 
or glide angles are related to the vertical and horizontal airspeeds. (L11)

Hohmann transfer: The minimum-energy trajectory from an orbit of one 
altitude to an orbit of another altitude, accomplished by an initial burn and 
a final burn. (L21) 

hub: The center of rotation of a propeller, also referred to as the root. (L7)

hybrid rocket: A combination of solid rocket fuel with liquid oxidizer, 
a hybrid approach that offers many of the advantages and few of the 
disadvantages of either. (L24)

hydrostatic equation: Relationship between pressure and altitude, used 
for measuring altitude on aircraft. It states that a small change in pressure 
(dp) is equal to minus the product of density (ρ), gravity (g), and a differential 
change in height (dh). (L2)

hypersonic: Flight speeds greater than about Mach 5. (L24)

hypoxia: Lack of oxygen. Symptoms include degraded night vision and 
lack of mental acuity. The onset of hypoxia symptoms can be very rapid at 
high altitudes where the pressure is extremely low. (L2)

ideal gas: A theoretical gas composed of molecules in random motion, 
where the only forces acting on the molecules are due to perfectly elastic 
collisions. This is a valid assumption for most aircraft, where the pressures 
and temperatures involved are well below the values where the ideal nature of 
air breaks down (thousands of atmospheres, or cryogenic temperatures). (L2)

ideal gas law: Describes the relationship between the thermodynamic 
properties of pressure, temperature, and density for an ideal gas. Also 
referred to as an equation of state, it states that pressure (P) is equal to the 
product of density (ρ), the gas constant (R), and temperature (T). (L2)
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ideal power: The power required from a helicopter to do work on the airflow, 
accelerating the air up to the wake velocity. An unavoidable byproduct of 
producing lift, it’s analogous to induced drag on fixed-wing aircraft. (L18)

in-line engine: An internal combustion engine with all of the cylinders 
arranged in a single line, commonly seen on liquid-cooled engines where 
airflow to the downstream cylinders is not a concern. (L7)

incompressible flow: The flow of an incompressible fluid. (L6)

incompressible fluid: A fluid (such as water, or air at low Mach numbers), 
where any consequences due to changes in density are considered 
negligible. (L3)

indicated airspeed: The airspeed as read on the airspeed indicator, which is 
calculated based on the assumption of standard sea level density. Indicated 
airspeed is a useful cockpit representation of airspeed, since critical airspeeds 
for the safety of flight do not change with altitude if they are expressed as an 
indicated airspeed. Compare with true airspeed. (L16)

induced drag: See drag, induced. (L5)

inertia: The tendency or property of an object to maintain its state of 
motion, unless acted upon by some force. (L7)

inertial measurement unit (IMU): Integrated systems available on UAVs, 
and most modern aircraft, that provide data from 3-axis accelerometers, 3-axis 
gyroscopes, and 3-axis magnetometers to indicate a vehicle’s acceleration, 
angular rate, and surrounding magnetic field. These data streams can be 
fused and filtered in an inertial navigation system (INS) to infer a vehicle’s 
position and orientation in an inertial frame of reference. (L18)

intake manifold: The plumbing connected to the intake valves on an 
internal combustion engine. (L7)
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intake stroke: The portion of the cycle on a 4-stroke engine where a fuel-
air mixture is drawn into or injected into the cylinder. (L7)

internal combustion engine: An engine where power is extracted by 
burning fuel inside enclosed cylinders, with the combustion event driving a 
piston within that cylinder. (L7)

internal energy: The energy of the fluid within a control volume, primarily 
accounted for by the vibrational energy of the atoms within the gas. (L6)

jet engine: See turbojet engine. (L8)

Karman line: The most widely accepted definition of the edge of Earth’s 
atmosphere, with an altitude of 100 kilometers. This limit was estimated 
by Theodore von Kármán as the altitude at which a vehicle would have to 
travel at speeds greater than orbital velocity (7.9 kilometers per second) in 
order to generate enough lift to sustain flight in the rarefied regions of the 
outer atmosphere. (L23)

Kepler’s first law: The orbits of the planets are ellipses, with the Sun at 
one focus. (L21)

Kepler’s second law: The line joining a planet to the Sun sweeps out 
equal areas in equal times. (L21)

Kepler’s third law: The square of the orbital period (the time it takes to 
complete one orbit) is directly proportional to the cube of the mean distance 
between the Sun and the planet. (L21)

Kessler syndrome: The phenomena where orbital debris leads to further 
collisions, which result in more orbital debris. This results in a cascade of 
collisions, not unlike a nuclear chain reaction. (L24)

kinetic energy: (KE). The amount of energy of a body due to its motion. 
With units of foot-pounds or Newton-meters (also defined as joules), it is 
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equal to the product of one-half times the mass times the square of velocity. 
(L1, L14, L21)

knots: Unit of measure for airspeed, short for nautical miles per hour; 
about 15% faster than ordinary (statute) miles per hour. (L1, L2)

Lagrange points: locations in space where the gravitational forces from 
2 large bodies are in balance. These can be helpful locations for staging 
a base of operations in space, since the location of the Lagrange point is 
always fixed relative to both large bodies. (L21)

laminar boundary layer: A boundary layer with smooth, parallel 
streamlines. Its characteristics are lower skin friction drag than a turbulent 
boundary layer, but it is also more susceptible to flow separation from the 
wing. (L4)

landing gear: The wheels and accompanying structure that the aircraft 
rests upon when it is on the ground. Almost all large commercial aircraft 
have retractable landing gear that is drawn up into the fuselage for most of 
the flight. (L5)

lapse rate: The rate of temperature change with altitude. (L2)

lateral axis: The axis running along the span of an aircraft’s wing. Pitch is 
a rotation about the lateral axis. (L10)

launch window: The period over which a spacecraft can be launched and 
take advantage of planetary alignment for a successful mission. (L22)

leading edge: The front edge of a wing or other aerodynamic body. (L4)

lee wave: See mountain wave, standing (L1)

L-over-D-max: ( (L/D)max ) Maximum lift-to-drag ratio. Dimensionless. (L1)
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lift, aircraft: (L) The upward aerodynamic force produced by an aircraft to 
stay aloft; one of the four main forces acting on an aircraft. Defined as being 
perpendicular to the direction of flight. Units are pounds or Newtons. The lift 
force is equal to the product of one half times density (ρ), times the square 
of velocity (V 2), times wing area (S), times the lift coefficient (CL). (L1)

lift, balloon: The upward force produced by a balloon to carry it aloft. 
Equal to the difference between the buoyancy force and the weight of the 
balloon (including the balloon material, the gas inside the balloon, and the 
payload). Units are pounds or Newtons. (L2)

lift coefficient: (CL). A measure of how hard the wing is working to produce 
lift. It’s a function of angle of attack, and generally increases as angle of 
attack increases, up to the point of stall. Dimensionless coefficient, ranging 
from roughly 0.2 for cruise to around 2 or more for high lift with flaps. (L1, L3)

lift distribution: The shape of the local lift development across the span of 
the wing. This has a significant impact on the amount of wing bending, and 
on the induced drag. (L5)

lift-to-drag ratio: (L/D). Lift divided by drag, an expression of aerodynamic 
efficiency. Dimensionless, ranging from 10.9 for a Cessna 172 to over 40 
for efficient gliders. (L1)

lifting line theory: Analytical approach for finding the lift on a wing 
by modeling it with a bound vortex, or a series of vortices. Developed 
independently by Frederick Lanchester and by Ludwig Prandtl in the early 
1900s. (L6)

liquid-cooled engine: An internal combustion engine that relies upon 
liquid coolant circulating over the cylinder heads to remove waste heat from 
the combustion process. See in-line engine. (L7)

liquid propellant: A rocket system with the propellants stored in liquid form, 
often at cryogenic temperatures. High-pressure systems or fuel pumps are 
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required to deliver the propellants at high pressure into the combustion 
chamber. (L20)

load factor: (n). The dimensionless ratio of lift to weight, it expresses how 
much extra lift is produced by the wing in a maneuver. Load factor relates 
to how many g’s are being pulled. (L14)

longitudinal axis: The axis running along the length of an aircraft’s 
fuselage. Roll is a rotation about this axis. (L10)

low Earth orbit (LEO): Low-altitude orbits (between 160 kilometers and 
2,000 kilometers) around Earth, where the majority of satellites reside, 
and where every manned spaceflight mission has occurred except for the 
Apollo lunar missions. (L23)

Mach number: (M). Ratio of flight speed (V) to the speed of sound (a), 
named after Ernst Mach. Mach 1 flight was achieved in 1947; Mach 2 in 
1953; Mach 3 in 1956; Mach 4, 5, and 6 in 1961; Mach 6.7 in 1967; and 
Mach 7 (unpiloted) in 2004. M = V/a. (L1, L12) 

magneto: Generates pulses of high voltage by the rotation of permanent 
magnets. Dual magnetos are connected to pairs of spark plugs in each 
cylinder and provide a highly reliable ignition source to keep the engine 
running, even without electrical power on the aircraft. (L7)

maneuver speed: (VA). The airspeed at which a pilot must fly to maximize 
the turn performance, or to avoid structural failure in heavy turbulence. 
(L14)

mass: (m). In aerodynamics, refers to the amount of matter present in air, 
equal to the product of density (ρ) and volume (V). Standard units are slugs 
or kilograms. (L1, L2)

mass flow rate: (ṁ). The amount of fluid mass flowing across a given point 
in a given amount of time. By the principle of conservation of mass, the 
mass flow rate through any bounded flow must be constant. (L3)
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mechanical work: A form of energy, equal to the applied force times the 
distance through which that force acts. (L7)

micro-air vehicle (MAV): A small-scale UAV, generally as small as 10 
to 20 centimeters and weighing as little as 10 grams or less. These are 
generally flapping-wing vehicles, which take advantage of strong viscous 
aerodynamic effects present at low Reynolds numbers. (L18)

mission profile: A representation of the various stages of a canonical fight, 
used for design purposes to estimate critical input data such as fuel burn 
and flight speed for purposes of analysis in the design cycle. (L15) 

moment: An applied torque (force acting through a perpendicular distance) 
that causes a rotation. (L10)

moment of inertia: An expression of the mass distribution of a body, it can 
be calculated from the sum of the products of the mass of each particle in 
the body with the distance of that particle from an axis of rotation. A figure 
skater with arms extended has a high moment of inertia, but the moment of 
inertia decreases as the skater’s arms are drawn in. (L21)

momentum: A quantity describing the motion of air, or of some body. 
Expressed as a product of mass and velocity. (L4)

monocoque: A shell structure that carries all loading in the shell. (L9)

monoplane: An aircraft with one wing, which is by far the most popular 
aircraft configuration today. Contrast with biplane designs, which are 
typically heavier and may have more drag. (L15)

mountain wave, standing: Forms when wind flows over the top of 
a mountain ridge, in a direction nearly perpendicular to the ridgeline. 
Characterized by strong periodic updrafts and downdrafts. Also referred to 
as a lee wave. (L1)
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n-body problem: An orbital mechanics problem involving motion of a 
spacecraft within the gravitational fields of multiple large planetary bodies. 
Can be simplified for analysis by the patched conic approximation. (L22)

n-wave: Named for the characteristic n-shape of the pressure waveform 
resulting from a sonic boom. The double-boom generated by some 
vehicles such as the Space Shuttle results from the 2 vertical legs (rapid 
pressure changes) of the n-wave. All sonic booms are n-waves, but most 
often the 2 portions of the double boom occur with too little intervening time 
to differentiate between the two by ear. (L12)

nacelle: The shroud around a turbojet or turbofan engine. (L8)

National Transportation Safety Board (NTSB): The U.S. governmental 
body that investigates aircraft accidents. (L1)

natural laminar flow airfoil: An airfoil that has been designed to produce 
a favorable pressure gradient for as long as possible to increase the extent 
of laminar flow. (L4)

nautical mile: Equal to one-sixtieth of a degree of latitude, or 6076 feet. 
About 15% longer than a statute mile, which is the mile that most are 
familiar with and equal to 5280 feet. (L1)

Navier-Stokes equations: Named after Claude-Louis Navier and George 
Stokes, these famous equations (one for each spatial dimension) describe 
the conservation of momentum of a fluid flow. (L6)

neutral stability: Straddles between stable and unstable. A neutrally stable 
system may change its equilibrium condition when perturbed, instead of 
returning to the initial equilibrium condition. (L10)

never-exceed speed: (VNE). The maximum permitted speed of an aircraft, 
usually encountered only in a dive. The limit results from structural loading 
due to dynamic pressure. (L14)
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Newton’s law of gravitational acceleration: See gravity. (L2)

Newton’s second law of motion: Force is equal to the time rate of change 
of momentum. If the mass of a body is constant, then the force is equal to 
mass times linear acceleration. F = d(mV) / dt = ma. (L2, L3)

Newton’s third law of motion: For every action, there is an equal and 
opposite reaction. (L3)

no-slip condition: The condition that enforces identically zero air velocity 
at the surface, due to friction. (L4)

non-directional beacon (NDB): A ground-based radio transmitter at a 
known location, which allows pilots to navigate to or from that signal. (L17)

nozzle: The component of a turbojet or turbofan engine that accelerates 
the exhaust to the exit velocity of the jet. (L8)

oblique shock: A shock wave oriented at an angle with respect to the flow 
direction. These commonly form on high-speed aircraft in supersonic flight. 
(L12)

orbit: The motion of a spacecraft around a larger body, such as a planet, 
dictated by gravitational acceleration and conservation of energy. (L21)

orbit velocity: The minimum velocity required to achieve orbit about a 
body. For a circular orbit, this is equal to the square root of the gravitational 
parameter divided by the radius of the orbit. For Earth orbit, the orbit 
velocity is 7.9 kilometers per second. (L21)

orbital mechanics (also, orbital dynamics): The scientific study of how 
gravity affects spacecraft and planets in orbit. (L21)

ornithopter: An aircraft with flapping wings. (L1, L24)
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Oswald efficiency factor: A constant for an aircraft, it describes how far 
an aircraft is from the ideal relationship for induced drag of a wing. Typical 
values are between 0.7 to 0.85. (L11)

panel code: A simple form of computational aerodynamics that segments 
an aircraft’s body into panels, each with a bound vortex, and calculates the 
resulting aerodynamic forces. (L6)

parasitic drag: See drag, parasitic. (L4, L5)

patched conic approximation: A method of solving n-body problems 
by breaking the problem up into a series of 2-body problems (neglecting 
the gravitational fields of the other bodies along the way), and patching 
together the conic section solutions from each 2-body problem for a 
complete trajectory. Useful for analyzing a spacecraft’s trajectory through 
the Earth-Sun-Mars gravitational fields for a mission to Mars. (L22)

payload: The portion of the overall aircraft weight represented by the 
weight of passengers and cargo. (L15)

performance, aircraft: The technical specifications of how well an aircraft 
performs, including takeoff and landing distance, rate of climb, glide 
distance, stall speed, turn radius, range, endurance, and others. (L11)

performance envelope: See flight envelope. (L14)

periapsis: The point at which a satellite is closest to the body it is orbiting, 
where the kinetic energy is the highest and the potential energy is the 
lowest. Specific cases include perigee (for Earth orbit) and perihelion (for 
Sun orbit). (L21, L22)

perigee: The point at which a satellite in Earth orbit makes its closest 
approach. At this point of the orbit, the kinetic energy is the highest and 
the potential energy is the lowest. A more general term for a similar point in 
orbit around any planetary body is periapsis. (L21)



266 Glossary

perihelion: The point at which a satellite in orbit around the Sun makes 
its closest approach; a specific case for the more general periapsis. (L22)

pitch: Rotation of an aircraft about the lateral axis, which passes through 
the wings. Controlled by the elevator on the horizontal tail. (L1)

pitch links: The shafts of a helicopter rotor mechanism that connect each 
blade to the swashplate. These control the rotor blade pitch for flight control 
of the helicopter. (L19)

pitot heat: A heater element integrated into the pitot probe on an aircraft 
to prevent or melt away ice accumulation that would give an erroneous 
indication of airspeed. (L16)

pitot probe (also pitot tube): Measures total pressure on an aircraft or 
in a wind tunnel by bringing flow on a streamline to a rest at the probe tip 
(where the pressure is highest) and measuring pressure there. This is a 
critical component of the airspeed measurement system on an aircraft. (L6)

pitot-static probe: Similar to a pitot probe, the pitot-static probe also has an 
array of pressure orifices on the stem of the probe to measure static pressure. 
The difference in total and static pressure, measured by the pitot-static probe, 
gives dynamic pressure, which can be converted to airspeed. (L6)

plastic deformation: A permanent deformation of a material, resulting 
when an applied stress exceeds the elastic limit. (L9)

plastic limit: The point at which a material fails completely. (L9)

potential energy: (PE). The amount of energy required to change the 
height of an object within a gravitational field. Can also be thought of the 
capability of an object to do work. With units of foot-pounds or Newton-
meters (also defined as Joules), it is equal to the product of mass, gravity, 
and height. (L1, L14, L21)

power: Energy per unit time. (L7, L11)
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power, excess: The difference between the power available from the 
propulsion system and the power required to overcome aerodynamic drag 
at a given flight speed. The excess power directly determines performance 
characteristics such as rate of climb and acceleration capability. (L11)

power available: The maximum amount of power that can be delivered by 
the propulsion system (e.g., engine and propeller combination) at a given 
flight speed and altitude. (L11) 

power loading: The ratio of thrust to power for a rotorcraft. Since ideal 
power required scales with the induced velocity, ideal power loading is a 
function of disk loading. (L19)

power required: The minimum amount of power required from the 
propulsion system to overcome aerodynamic drag and sustain flight at a 
given flight speed and altitude. (L11)

power stroke: The portion of the cycle on a 4-stroke engine where the fuel-
air mixture is ignited and the combustion event pushes the piston outward 
in the cylinder to produce power. (L7)

power-limited performance: A set of theory governing aircraft performance 
when the propulsion system is fundamentally limited by maximum power 
production. Contrast with thrust-limited performance. (L11)

Prandtl-Glauert compressibility correction: A correction factor that 
describes how lift changes with increasing Mach number. Lift scales 
inversely with the square root of one minus the square of Mach number: 

 
Named for Ludwig Prandtl and Hermann Glauert, who independently 
developed the theory. (L12)

pressure: (P or p). The amount of force exerted per unit area by collisions 
of air molecules. Commonly used units are pounds per square foot (lbs/

.
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ft2, or psf), pounds per square inch (lbs/in2, or psi) or Newtons per square 
meter (N/m2), also defined as Pascals. (L2)

pressure altitude: An aircraft’s altitude above sea level, if the local 
barometric pressure is 29.92 inches of mercury (standard sea level 
pressure). Pressure altitude converts between pressure and altitude via the 
“standard atmosphere.” (L16)

pressure drag: Drag due to a pressure difference acting on the aircraft in 
the direction of flight. (L4)

pressure gradient: The change in pressure along a particular direction. 
Mathematically expressed as dp / dx, which is the derivative of pressure 
with respect to the x-direction. (L4)

primary radar: A radar signal swept across a large swath of airspace 
for detecting cooperative and uncooperative targets. Also see radar and 
secondary radar. (L17)

propeller: A twisted, rotating wing that produces lift in the horizontal 
direction that provides thrust for an airplane. (L7)

propeller efficiency: See efficiency, propeller. (L7)

propulsion: Thrust production by internal combustion engines, propellers, 
and jet engines. (L1) 

pusher configuration: An aircraft with the propeller mounted on the rear 
side of the aircraft, pushing it through the air. Contrast with the tractor 
configuration. (L15)

radar: A surveillance system for locating aircraft in space; based on rotating 
a microwave signal shaped into a narrow beam and detecting the reflected 
signals. Also see primary radar and secondary radar. (L17)
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radial engine: An internal combustion engine with the cylinders all mounted 
in the same plane, arranged radially outward from the engine shaft. This 
configuration provides equal convection cooling over each cylinder head. (L7)

radiative cooling: A thermal protection system for spacecraft on reentry 
that relies upon insulation and materials with high emissivity that radiate 
heat away from the spacecraft. (L23)

radio beacon navigation aids: Ground-based radio transmitters that 
provide position information to an aircraft, allowing a pilot to navigate to the 
navigation aid. (L16)

ramjet: A propulsion system for very high-speed aircraft, where 
compression of the air results primarily from the high-speed motion of the 
aircraft ramming a mass of air into a small area. (L12)

range: The maximum distance that an aircraft can fly with a full load of fuel. 
The airspeed for maximizing range is determined by the drag polar, and is 
faster than the airspeed for maximum endurance. (L11)

reflexed trailing edge: A wing section, often found on flying wings, with an 
upward-curved trailing edge that provides a net positive pitching moment. 
(L10)

remotely piloted aircraft (RPA): An aircraft with a pilot situated at a 
ground control station to operate the vehicle, and control maintained via 
radio link. The U.S. Department of Defense generally prefers this term, 
since it denotes that there is still a pilot closely involved with the operation 
of the vehicle. Also referred to as unmanned aircraft, unmanned aerial 
vehicle (UAV), unmanned aircraft system (UAS), or drone. (L18)

retro burn: An orbital maneuver where the rockets are fired in a direction 
facing against the motion of the spacecraft, used to decrease the 
spacecraft’s kinetic energy. (L22, L23)
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Reynolds number: (Re) The ratio of inertial forces to viscous forces, found 
from the product of velocity (V) and length (l), divided by viscosity (nu). 
Low values of Re indicate an increased significance of viscosity. Values 
can range between less than 1 for insect flight to over 10 million for the 
largest aircraft. (L4)

rib: A structural member running along the chord of the wing, and positioned 
at periodic intervals along the wing span. (L9) 

rocket: A propulsion system where the fuel and oxidizer are both carried on 
board for the combustion event, to produce thrust to propel a vehicle even 
when there is no ambient air available for combustion. (L20)

rocket equation: An expression for obtaining the total velocity increment 
from a rocket burn (ΔVb), equal to the product of specific impulse (Isp), 
standard gravitational acceleration (g0), and the natural log of the ratio of 
initial mass to final mass ( ln (Minitial / Mfinal)). (L20) 

roll: Rotation about the aircraft’s longitudinal axis, which runs along the 
length of the fuselage, which banks the wings to the left or right. Controlled 
by the ailerons. (L1)

rotary engine: A radial configuration engine that rotates the entire engine 
assembly around, in order to maintain cooling airflow over the cylinders 
even at low forward flight speeds. (L7)

rotary-wing aircraft: A flight vehicle that produces the lift necessary for 
flight by a rotating wing. Contrast with fixed-wing aircraft. (L19)

rotorcraft: See helicopter. (L19)

rudder: Aircraft control surface positioned on the vertical tail, which 
controls the yaw of the aircraft. Left deflection points the nose to the left; 
right deflection points the nose to the right. (L1, L10)
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s-duct: The s-shaped inlet to an jet engine that is embedded in the 
fuselage. Challenges with s-ducts include a weight penalty for extra 
fuselage length, as well as distorted inlet flow entering the engine due to 
aerodynamic separation within the duct. (L15)

schlieren technique: A method of visualizing density gradients in 
aerodynamic flows. It was a critical technique used by NACA in the 1940s 
for understanding the physics behind the transonic drag rise, and continues 
to provide insight into high-speed flows. (L12)

scramjet: A form of ramjet where the combustion process occurs in flow 
moving at supersonic speeds. The challenge of supersonic combustion is 
likened to keeping a candle lit in a hurricane. (L12)

secondary radar: A radar system that actively interrogates transponders 
on board aircraft, which provides high-resolution positioning and additional 
information such as aircraft identity and altitude. (L17)

semi-major axis: (a). One-half of the major axis of an ellipse, which runs 
along the longer portion of the ellipse. A critical parameter in the orbit 
equation, describing the trajectory of a spacecraft and the total energy of 
its orbit. (L21)

semi-monocoque: An aircraft structure where some of the structural 
members have been moved internal to the aircraft to carry load, and the 
remainder of the load is carried by a stressed skin. (L9)

sense-and-avoid (SAA): See detect-and-avoid. (L18)

sensitive altimeter: An altimeter with a special adjustment for local 
barometric pressure, providing accuracy of 100 feet or better. Also see 
altimeter. (L16)

separation, flow: Occurs when the flow streamlines no longer follow the 
curvature of the airfoil. The separation point is defined as the location 
where the wall shear stress is zero. (L4, L5) 
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service ceiling: The altitude at which an aircraft will achieve a rate of 
climb of 100 feet per minute. It represents a practical altitude limit for most 
aircraft, and depends on the aerodynamic drag and propulsion system 
characteristics. (L11)

shear: Occurs when intermolecular forces resist a sliding force in a plane 
parallel to the applied force. (L9)

shock wave: Forms in regions of local supersonic flow (even if the aircraft 
flight speed is still subsonic) as a result of coalescence of pressure waves 
into a strong pressure jump. (L1, L11)

skin friction drag: Drag due to the friction of air molecules moving over 
the surface of the aircraft. (L4)

skin panels: Part of the stressed skin design, panels on the upper and 
lower surfaces of the wing take on compressive and tensile load to help 
support the overall bending load applied to the wing. (L9)

skip entry: A reentry trajectory where a spacecraft with a lift-to-drag ratio 
of between 1 and 4 repeatedly dips into the atmosphere to dissipate kinetic 
energy before entry. Designed as a possible Apollo reentry profile, but 
never used. (L23)

slat: A control surface that is deployed from the leading edge of the wing, 
which changes the shape of the wing and increase the maximum lift 
coefficient. (L5)

slug: Unit of measure for mass in the English system. One slug will weigh 
32.2 pounds at Earth’s surface. (L1)

solid propellant: A rocket system with the fuel and oxidizer pre-mixed and 
cast into solid form. Less volatile than liquid propellant systems, it cannot 
be throttled or shut down after firing. (L20)
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sound barrier: The perceived barrier to flight at speeds greater than 
Mach 1 (supersonic). This archaic, but still popular, term resulted from 
asymptotically increasing drag at flight speeds approaching sonic 
conditions. (L12)

space elevator: A conceptual method of reaching space by traveling up on 
a high strength-to-weight ratio tether that is anchored at the space end by a 
counterweight. (L24)

span: The distance from one wing tip to the other. (L5)

spar: An aircraft structural component that runs along the span of the wing, 
primarily carrying a bending load. (L9)

spark plug: The ignition source for combustion in an internal combustion 
engine, driven by the magneto. (L7)

specific fuel consumption (SFC): A measure of an aircraft engine’s 
fuel economy, expressed in pounds of fuel per hour of fuel burn, per 
horsepower. (L13)

specific heat: (Cp) The heat-carrying capacity of a gas for a constant-
pressure process. (L6)

specific impulse: (Isp) A measure of how efficiently a rocket produces 
thrust. Typical values range from 200 to 400, with the Space Shuttle’s main 
engines having a value of 453 in a vacuum. (L20)

speed of sound: (a) The speed at which sound, or pressure disturbances 
from an aircraft, propagates in an undisturbed medium. Standard units are 
feet per second or meters per second. (L1, L12)

sphere of influence: The radial extent over which a planet’s gravitational 
field will dominate a spacecraft’s trajectory, rather than the Sun’s. (L22)
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stable: A stable system will return to its equilibrium condition if perturbed 
by a disturbance. (L10)

stability and control: The study of rotations of an aircraft about its axes, 
with equilibrium obtained by balancing all moments acting on the aircraft. 
(L1) 

staged rocket: A rocket that has been segmented, with a separate rocket 
engine, nozzle, propellant storage, structure, and control system for each 
stage. Offers the advantages of optimizing each rocket stage for specific 
phases of flight and shedding unnecessary weight at periodic intervals. (L20)

stagnation point: Where the flow has locally come to a rest (stagnated), 
near the leading edge of a wing, for example. (L3)

stagnation pressure: The pressure at a stagnation point. Also see total 
pressure. (L6)

stagnation temperature: The temperature at a stagnation point. Leads to 
very high temperature on the leading edge of high-speed aircraft such as 
the SR-71 or hypersonic x-planes. (L12)

stall, aerodynamic: Occurs when the wing on an aircraft is at a high 
enough angle of attack where flow separation occurs, and the wing loses 
lift. (L4, L5)

stall strip: A small, wedge-shaped protrusion mounted on the leading edge 
of a wing to force stall to happen at a specific angle of attack at that point 
along the span of the wing. (L5)

standard atmosphere: An internationally agreed-upon standard definition 
of the variation of pressure, temperature, and density within Earth’s 
atmosphere. (L16)
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static pressure: The pressure at a point in the flow. The adjective static 
is used to differentiate this pressure from dynamic pressure and total 
pressure. (L6)

steam gauges: The colloquial term for traditional, round-dial aircraft 
instruments. They do not have anything to do with steam. (L16)

step climb: A cruise profile involving periodic climbs to higher altitude in 
order to obtain optimum fuel burn; represents a compromise between the 
ideal cruise climb and ATC requirements for fixed flight altitudes for aircraft 
separation. (L13)

stick shaker: An actuator that induces substantial vibrations to the control 
stick or control yoke, to alert the pilot to an impending stall. (L16)

stick pusher: An automatic actuator that pushes the stick forward (lowering 
the angle of attack) if a stall condition is imminent. (L16)

strain: The change in length of a material due to an applied load, divided 
by its initial length. (L9)

stratosphere: Region of the atmosphere between about 33,000 feet to 
160,000 feet altitude. Most commercial airliners cruise in the lower portions 
of the stratosphere, where the temperature is relatively constant with 
altitude. (L1, L2)

streamline: The path that a fluid element follows in a steady flow. (L3)

stress: A measure of how much load or force is acting on a given cross-
sectional area. (L9)

stress concentration: Areas of high stress concentration occur at sharp 
corners in a material, due to the small cross-sectional area over which a 
load is applied. (L9)
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stressed skin: An aircraft structural design which relies upon the skin of 
the aircraft to carry some of the load. The advent of stressed skin designs 
represented a key development in aircraft technology, since it provided 
weight savings while maintaining structural strength. (L9)

stroke: The amount of movement of the piston within the cylinder of an 
internal combustion engine. (L7)

structures: Study of the loading, stress, and strain acting on an aircraft. (L1)

subsonic: Flight at speeds less than the speed of sound. (L12)

supercharger: An engine driven compressor that boosts the pressure 
delivered to the intake manifold on an internal combustion engine, allowing 
higher power output even at high altitudes where the air density is low. 
Similar to a turbocharger. 

supercritical airfoil: An airfoil specifically designed to delay the onset of 
shock waves at a higher critical Mach number, in order to reduce the effects 
of transonic drag rise. This concept, initially developed by Richard Whitcomb 
of NASA, influences airfoil design of today’s commercial airliners. (L12)

supersonic: Flight at speeds greater than the speed of sound. Extreme 
supersonic speeds, over Mach 5, are also called hypersonic. (L1, L12)

swashplate: The large bearing at the main shaft of a helicopter rotor, which 
controls the pitch and flapping of the rotor blades, which in turn determines 
the plane of the rotor for flight control. Pitch links ride along the swashplate 
to pivot the rotor blades on hinges. Also see cyclic and collective. (L19)

sweep, wing: An inclination of the wing’s leading edge in the rearward 
direction. A swept wing looks more like the point of an arrow than a straight 
edge that is perpendicular to the flow. (L5)

synodic period: The interval between closest approach of two planets. For 
the Earth-Mars system, the synodic period is 26 months. (L22)
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T-tail: Similar to a cruciform tail configuration, but with the horizontal tail 
mounted at the top of the vertical tail to form a T-shape. Examples include 
the Boeing 727 or the Embraer RJ145. (L15)

tail, horizontal: Horizontal fins located at the back of the aircraft, which 
provide longitudinal (pitch) stability. (L1)

tail, vertical: Vertical fin located at the back of the aircraft, which provides 
directional (yaw) stability. (L1)

tail slide: Similar to the hammerhead maneuver, but with the aircraft 
descending tail-first, which can result in unexpected aerodynamic forces 
and moments. (L14)

tail strike: An undesirable event where the pilot rotates the aircraft pitch 
to an excessive angle on takeoff such that the back end of the fuselage 
strikes and/or scrapes along the runway. (L15)

tailwind: The component of wind that assists, or speeds up, the speed of 
an aircraft above the ground. Flight with a tailwind can be thought of as the 
aircraft moving through a mass of air that is already moving in the direction 
of flight. When possible, pilots will route a flight to exploit tailwinds. (L13)

taper ratio: The wing tip chord length divided by the root chord length. See 
wing taper. (L15)

temperature: A measure of the internal energy of the air. Standard units 
are degrees Rankine (°R) or Kelvin (K). (L2)

tension: Occurs when a structural load is applied in a direction that pulls a 
material apart. (L9)

Terminal Radar Approach Control (TRACON): An FAA air traffic control 
facility that provides radar services to aircraft in the terminal area (30 to 50 
nautical mile radius) of an airport. (L17)
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tip vortices. See vortices. (L5)

thermal: A rising mass of heated air, used by glider pilots to climb to higher 
altitude. (L1)

thermodynamic properties: properties—such as pressure, temperature, 
and density—that describe the energy state of air. (L2)

thermodynamics: The study of energy and energy transfer mechanisms. 
(L2)

thrust: Force produced to push or pull an aircraft or spacecraft forward. 
One of the four main forces acting on an aircraft in flight. Standard units are 
pounds or Newtons. (L1, L7, L8, L11)

thrust reverser: Redirects a portion of the thrust from a jet engine into the 
forward-facing direction, which is useful for decelerating an aircraft after 
landing. (L8)

thrust-limited performance: A set of theories governing aircraft performance 
when the propulsion system is fundamentally limited by maximum thrust 
production. Contrast with power-limited performance. (L11)

thrust-to-weight ratio: The thrust capability of an aircraft divided by its 
weight; this metric dictates performance capabilities such as takeoff 
distance, rate of climb, and maximum speed. Values range from 0.1 for 
light general aviation aircraft to over 1 for fighter aircraft. (L15)

total pressure: The pressure that can be measured at a stagnation point in 
the flow. Also referred to as stagnation pressure, it is the sum of dynamic 
pressure and static pressure. (L6)

torsion: A twisting load due to an applied torque, results in shear stress 
variations throughout a solid structural member. (L9)
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tractor configuration: An aircraft with the propeller mounted on the 
forward side of the aircraft, pulling it through the air. Contrast with the 
pusher configuration. (L15)

traffic collision avoidance system (TCAS): Cockpit instrumentation that 
monitors transponder signals from other aircraft and bilaterally coordinates 
appropriate evasive maneuvers if a collision is imminent. (L17)

trailing edge: The back edge of a wing or other aerodynamic body. (L4)

transition, boundary layer: The devolution of the boundary layer state 
from laminar to turbulent. (L4)

transonic: Flight conditions characterized by the emergence and 
dominance of shock waves and high drag levels. The typical range of Mach 
numbers for the transonic regime is 0.8 to 1.2. (L12)

transponder: A device on board an aircraft that automatically transmits 
information to air traffic control or other transponders, in response to 
queries. (L17)

trim: When all forces acting on an aircraft are in balance, the aircraft is 
in equilibrium, so the aircraft will be in steady, level flight. (Note: pilots 
also refer to trim as the condition when no control inputs are needed for 
sustained flight, even in a climb or maneuver). (L1, L10)

true airspeed: The actual speed of the aircraft moving through the air. 
Calculated for an aircraft by using the actual ambient density, rather than an 
assumption of standard sea level density. Aircraft that report true airspeed 
must also measure outside air temperature, and calculate ambient density. 
Compare with indicated airspeed. (L16) 

turbine: The component of a turbofan or turbojet engine that extracts 
energy from the flow in order to drive the compressor. (L8)
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turbocharger: Boosts the pressure delivered to the intake manifold on 
an internal combustion engine, allowing higher power output even at high 
altitudes where the air density is low. Exhaust gases from the engine drive 
a turbine, which is connected to a compressor to raise the pressure of the 
air. Similar to a supercharger. (L7)

turbofan engine: A turbojet engine with a large, shrouded fan mounted on 
the front that produces a significant portion of the thrust. (L8)

turbojet engine: The traditional (and earliest) configuration of a jet engine, 
where thrust is predominantly produced by the high exit velocity of the 
exhaust. An axial compressor increases the pressure of air, fuel is added 
and burned in the combustor, and the exhaust gases are passed through a 
turbine which spins the compressor. (L8)

turboprop: A turbojet engine mated to a propeller, where most of the thrust 
(greater than about 85%) is produced by the propeller. (L7) 

turbulent boundary layer: A boundary layer with chaotic motion of the air 
in the near-wall region. It is characterized by enhanced mixing, drawing 
high momentum fluid close to the surface which increases skin friction 
drag. (L4)

turn coordinator: An aircraft instrument that provides an indication of the 
rate of turn, and whether or not the turn is coordinated (appropriate use of 
aileron and rudder to maintain alignment of the longitudinal axis with the 
flight path). (L16)

universal gravitational constant (G): See gravitational constant. (L21)

unmanned aircraft system (UAS): Similar to the term unmanned aerial 
vehicle, but of broader scope to include all of the system components 
involved with UAV flight, particularly the ground control station. Also see 
remotely-piloted aircraft, unmanned aircraft, and drone. (L18)
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unmanned aerial vehicle (UAV): The most common term for an aircraft 
without a pilot on board. These can range in scale from a small vehicle 
the size of a hummingbird to the Global Hawk, which is the size of a 
Boeing 737. Levels of autonomy can vary from direct pilot control (as 
with a remotely-piloted aircraft), or near-complete autonomy. Also see 
unmanned aircraft system and unmanned aircraft. (L18)

unmanned aircraft: An aircraft without a pilot on board. See remotely 
piloted aircraft. (L18)

unstable: A system will diverge from its equilibrium state if perturbed by a 
disturbance. (L10)

V-engine: An internal combustion engine with two rows of cylinders, 
mounted in a V-shaped configuration when viewed from the front of the 
aircraft. (L7)

V-n diagram: A plot of load factor (n) versus airspeed (V), which defines 
the flight envelope of the aircraft at a particular altitude. (L14)

variable-pitch propeller: A propeller with blades that can be pitched to a 
desired angle. (L7)

velocity: (V). Aircraft velocity; also see airspeed. (L1)

vertical speed indicator: A cockpit instrument that displays the rate 
of climb or rate of descent, based on measurement of pressure and 
comparison with a calibrated leak at a known rate. (L16)

VHF: Very high frequency. VORs and most ATC communications occur in 
the VHF band, between 108 and 118 MHz. (L17)

VHF Omnidirectional Radio Range (VOR): A ground-based radio 
transmitter that broadcasts a reference signal and a swept-phase rotating 
signal. Aircraft with VOR receivers infer location by calculating a phase 
difference between the 2 signals. (L17)
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viscosity: A measure of how thick or sticky a fluid is, or more precisely, a 
measure of a fluid’s resistance to shear stress. (L4)

viscous drag: See skin friction drag. (L4)

vortex generator (VG): A small protrusion, or pair of protrusions, extending 
upward from the wing that generates a vortex oriented parallel to the flow. 
Help prevent flow separation by energizing the boundary layer with high-
momentum air. (L5)

vortices, tip: Swirling air at the tips of the wing, like tornadoes that originate 
near the tips. These result from the high pressure on the bottom of the wing 
and low pressure on top of the wing, causing a circulatory flow around the 
wing tip. (L5)

wake: a region of low-velocity, low-pressure flow downstream of a 
separated region on an aerodynamic body. (L4, L12)

weight: Force resulting from gravity acting on the mass of an object. One 
of the four main forces acting on an aircraft in flight. Units are pounds or 
Newtons. (L1)

whirling arm: A test apparatus that rotates a test article around on an arm 
moving through still air. Samuel Langley and other early aerodynamicists 
used this predecessor to the wind tunnel for studying aerodynamic forces 
and moments acting on a wing. (L6, L11)

wind tunnel: A facility used by experimental aerodynamicists to produce 
air flow over an aircraft model, or some other geometry of interest. Provides 
insight into the forces and moments acting on the model, as well as 
understanding into the underlying flow physics. (L6)

wing: Part of the aircraft that produces most of the lift. Aircraft can be either 
fixed wing or rotary wing (as in helicopters). (L1)
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wing area: (S). The total projected area of the wing from tip-to-tip, including 
the unexposed portion that would pass through the fuselage. (L1)

wing loading: (W / S). Aircraft weight (W) divided by wing area (S), which 
expresses the aerodynamic load concentration on the wing. Units are 
pounds per square foot, or Newtons per square meter. (L1)

wing taper: The shaping of the wing along the span to provide large chord 
length at the wing root, and shorter chord length at the wing tip. Also see 
taper ratio. (L5, L15)

wing tip vortices: See vortices. (L5)

winglet: A small extension on the wing tip that reduces induced drag 
without resorting to larger wing span. (L5)

yaw: Rotation about the aircraft’s vertical (directional) axis, pointing the 
nose to the left or right. Controlled by the rudder. (L1)

Young’s modulus of elasticity: A constant of proportionality that describes 
the relationship between stress and strain for a given material. (L9)

Zeppelin: A rigid, lighter-than-air, engine-powered airship, made by the 
Zeppelin Airship Construction Company (Luftschiffbau Zeppelin), based in 
Germany. (L2)

zoom dive: An optimal flight profile for many supersonic aircraft, 
representing the minimum time to climb to a supersonic, high-altitude flight 
condition by actually diving through the transonic drag rise in the middle of 
the climb profile. (L14)
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