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FOR MY MOTHER, BARBARA BLATNER-FIKES, 
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The highest anyone has ever jumped into the air is 8 feet .5 inches (2.4 meters).
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Oh, I have slipped the surly bonds of the earth

And danced the skies of laughter-silver wings;

Sunward I’ve climbed, and joined the tumbling mirth

Of sun-split clouds—and done a hundred things

you have not dreamed of—wheeled and soared and swung

Hung in the sunlit silence. Hov’ring there,

I’ve chased the shouting wind along, and flung

My eager craft through footless halls of air.

Up, up the long, delirious burning blue

I’ve topped the windswept heights with easy grace

Where never lark, or even eagle flew.

And, while with silent, lifting mind I’ve trod

The high untrespassed sanctity of space,

Put out my hand, and touched the face of God.

—Pilot Officer John Gillespie Magee, Jr. Royal Canadian Air Force
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The airplane has unveiled for us the true face of the earth.
—Antoine de Saint-Exupéry, WIND, SAND, AND STARS







He rode upon a cherub, and did fly: yea, he did-fly upon the wings of the wind.
—Psalms 18:10
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Besnier’s attempt to fly, 1678.
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One of the most fascinating facts about flying in airplanes is that while almost everybody does it, relatively few people really understand how it works. True, most people who drive aren’t automotive engineers either, but it’s not difficult to intuit more or less how a car works. Airplanes, on the other hand, just seem like magic.

Although flying isn’t actually magic, it is like a really good magic trick. Like plucking a rabbit from a hat, pilots use precision and excellent timing to succeed in pulling off a stunt that is plainly, obviously impossible and yet somehow works. Our bodies do their part to sustain a sense of illusion: Our organs weren’t designed to handle the conflicting sensations we feel in flight, so it can feel like you’re dropping when the aircraft is actually rising, and you can fly in circles and not feel the turn. Airlines do their part, too, by creating a carefully controlled environment: You take a seat in a room with small windows, have dinner, maybe watch a movie, and when you leave you just happen to find yourself in a new city.

Some folks love suspending their disbelief and sit happily trusting that their 800,000-pound jumbo jet will lift off the ground and safely take them to their destination. Most people, however, sit with a certain amount of tension, uncomfortable with trusting their lives to what looks like a trick. Flying is one area in which ignorance is often not bliss, but rather causes a general sense of anxiety among many travelers. In fact, studies show that as few as one in seventeen are totally comfortable when flying, and as many as one in every six people (about 35 million people in the United States) avoid flying whenever possible.

Are those wings supposed to be flexing up and down like that? What was that thump? Will this air turbulence make us crash? What are those pilots doing up there, anyway? These are common questions, even for people who fly frequently. Fortunately, unlike a magic trick, the more you know about how flying works, the more you can actually enjoy it. That’s where this book comes in.




No bird soars too high if he soars with his own wings.
—William Blake, 1793




The Unbelievable Dream	

One hundred years ago almost nobody on Earth believed that humans would ever be able to fly in heavier-than-air machines. Many prominent scientists proclaimed it impossible and urged aviation researchers to focus instead on more efficient hydrogen-filled balloons to carry passengers from city to city. Their skepticism isn’t surprising; after all, to fly is perhaps humankind’s oldest dream and several thousand years of failed attempts are likely to cause more than a bit of doubt.

Historically, the great disappointment that humans couldn’t fly (seemingly the only thing that we couldn’t achieve) translated into the widespread belief that the sky was reserved for the gods. Excavations from ancient Egypt reveal gods and goddesses with wings. There are old Taoist stories of holy men being lifted to the next world by cranes. The Greek philosopher Plato wrote, “The natural function of the wing is to soar upwards and carry that which is heavy up to the place where dwells the race of gods.” And who can forget the Greek tragedy of Icarus, who fell to Earth after his wings melted in the heat of the sun?

Later, Christian tradition held that angels had wings, and that God stopped Satan from flying by clipping his. Muslims believe that Muhammad was raised to Heaven for a night by a winged horse. In the second millennia, the ability to fly became associated with witchcraft, and images of witches on broomsticks filled many people’s hearts with fear. (Today, the great success of the Harry Potter stories places both witches and flying broomsticks in a much kinder light.)




In our dreams we are able to fly… and that is a remembering of how we were meant to be.
—Madeleine L’Engle, WALKING ON WATER






Even the Wright brothers’ historic first powered flight in 1903 couldn’t undo the emotional impact of 3,000 years of human myths. In fact, the invention of the airplane only added to the soup by offering a double-edged sword: On the one side, flying gives people control over their lives, letting them move around the planet faster than ever before; on the other side, it removes passengers from control, opening a Pandora’s box of concerns.

Twentieth-century Hollywood captured these mixed emotions beautifully, generating a whole new panoply of flying myths. For instance, in the 1950s, the modern-day television hero Sky King could swoop from the sky to overcome villains on the ground. Around the same time, the Twilight Zone showed a young William Shatner battling an elusive gremlin on the wing outside his window, who threatened to crash the airplane. (John Lithgow played this role in the movie of the same name.) The “gremlin” still perfectly reflects many passenger’s irrational fears that develop from misunderstandings about turbulence and why airplanes fly. Over forty years later, many people still find themselves haunted by these televised images.


The Revealed Mystery

Of course, flying offers more than a method of travel and a bucket of worries; flying has offered a whole new perspective on our planet and an entirely new way of living our lives. Early pilots noticed that while in flight they could see patterns on the ground that were previously hidden—patterns that revealed secrets. During the First World War, pilots found evidence of old Mesopatamian ruins from the air, and the field of aerial archaeology was born. Similarly, it was only through the use of airplanes that modern geologists and geographers have been able to map and explain many aspects of our planet.




Flight by machines heavier than air is unpractical and insignificant, if not utterly impossible.
—Simon Newcomb, 1902




Today, any passenger can look out an airplane window and discover patterns that no preflight human ever saw. Twisting, searching rivers and ravines snake like immense fractal branches across the countryside…. The high desert displays its glory in 100-mile-long stripes of orange iridescence…. The sharp teeth of mountaintops poke through the shimmering early morning clouds.

Flying also provides a new perspective on our own civilization. Grand skyscrapers are surprisingly small when seen from an airplane, and their rooftops are often sadly mundane. Conversely, farmlands that seem boring from the ground can take on amazing checkerboard patterns from the sky. As an airplane ascends, everyday objects like cars and houses begin to appear like toys. Then later, at higher altitudes, they become so small that whole cities appear like pieces of a patchwork quilt scattered across the land. Photographs of the Earth from space reveal the ultimate pattern that powered flight offers us: We are all one.


The Flying Book

Flying is possible. It’s not magic. It’s not really even a magic trick. The rules of flight are relatively simple, though they can appear overwhelming at first. This book is dedicated to explaining everything you might want to know about the process of flying on commercial airlines—from how airplanes get off the ground, to where your luggage goes after you hand it over at the ticket counter, from how airplanes are built and maintained, to what the pilots are doing behind the cockpit door.





Up with me! Up with me, into the sky!

—William Wordsworth, 1805





Note the word commercial. That means this book doesn’t cover the details of military or general (private, small airplane) aviation. This leaves out a lot: By some reports, of the more than 200,000 airplanes registered in the United States, about 95 percent of them fall into the general aviation category. Nevertheless, the vast majority of flyers are passengers, not pilots. So while this book will be of interest to many pilots, it’s the passengers who will benefit the most.

You can read the book from front to back, or skip around to the chapters that interest you most. The important thing is that you enjoy both the book and your flight. So sit back, relax, and take it all in.
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If you could read minds, the question you’d hear most often at an airport would be, “How is this thing going to get off the ground?” Whether you’re sitting on the aircraft or watching it from the ground, the idea that a hulking Boeing 747 weighing almost a million pounds could lift off the ground and fly several thousand miles seems not only improbable but simply impossible. Yet obviously, airplanes do fly. And if there’s anything more astonishing than the fact that these behemoths can fly, it is how they do it. In fact, the more you learn about how airplanes fly, the less possible it seems.

Of course, any physical action, when investigated too closely, leads to doubt. Have you ever stopped to consider how you walk? Your left leg moves forward until you’re about to fall, but your foot nimbly catches you while your right leg swings forward, shifting your weight into equilibrium…. The more you think about the hundreds of tiny physical adjustments that must be made each second—the impulses moving through nerves, the pumping of oxygenated blood to the legs, the flexing of the abdominal muscles, and so on—the more shocking it is that we can pull it off.

Sir James Matthew Barrie, best known for his play Peter Pan, once wrote that the “reason birds can fly and we can’t is simply that they have perfect faith, for to have faith is to have wings.” Fortunately, faith alone doesn’t keep airplanes in the sky. The explanation is much more mystifying.

Don’t Rely on Bernoulli

Almost everyone learns in elementary or secondary school that airplanes fly because of something called the Bernoulli effect: The wings are curved on top and flat on the bottom, forcing the air to travel farther, and therefore faster, over the wing than under it. Eighteenth-century Swiss mathematician Daniel Bernoulli discovered that the faster a fluid moves, the lower its pressure. The result: There’s less pressure above the wing than under it, and so the airplane gets sucked upward into the sky.

Unfortunately, this is only part of the explanation; it doesn’t describe how airplanes can fly upside down, or how airplanes with wings that have little or no camber (difference in curve between the top and bottom) can fly at all. This oversimplified interpretation of the Bernoulli effect also implies that the air moving over and under the wing must magically “rejoin” at the trailing edge of the wing (some teachers say the air moves over the wing faster so that it can “catch up” with the air moving under the wing). Wind tunnel experiments show that this is a fallacy—surprisingly, the air above the wings accellerates so quickly that it actually reaches the back of the wing before the air below the wings.

Don’t feel bad if you have relied on this “simplified Bernoulli” explanation up to now—even the famous physicist Albert Einstein was fooled into believing it. In 1917, when Einstein was hired by a prominent German airplane company to design a new, highly aerodynamic wing, he created the cat’s back airfoil—a nearly triangular wing that forced air to travel much farther over the top of the wing than under it. After it was tested and shown to be spectacularly ineffective, Einstein was never again asked to design aircraft parts. Years later, he admitted that his was a failure of “a man who thinks a lot but reads little.”

What Einstein (and so many teachers and textbooks before and after him) ignored is that the real reason that airplanes go up (“generate lift”) is simply that they push air down.


What Goes Up Always Pushes Down

The most important thing to keep in mind if you want to understand how airplanes fly is that the air around us acts just like a liquid. We breath this “liquid,” we walk through this “liquid,” and in a balloon we can float in this “liquid.” The only way to raise yourself when you’re treading water is by pushing water down. An airplane rises in much the same way: by pushing the air around it down.

There are airplanes that can take off vertically by directing the exhaust from their jet engines down toward the ground (called VTOLs, for Vertical Take Off and Landing aircraft). They are literally pushing air down, which results in the airplane going up. Most airplanes, however, use a different technique to move air down.

Airplane wings push air down in the same way that a rudder on a boat works: by deflecting the fluid that’s rushing by. Of course, a boat’s rudder moves water to the left or right whereas a wing moves air up or down, but the principle is the same. The trick is to point the trailing edge of the wing in the direction you want the air to go (usually down). As air flows over and under the wing, it gets deflected downward.



The Bernoulli effect says that when water is forced through a narrow area, the water’s speed increases and the pressure drops. Similarly, air speeds up when it travels over a wing, and as it speeds up the air molecules are spread more thinly over the wing. The thinner the air, the fewer molecules press against any one point on the wing. The fewer molecules pressing, the lower the pressure.
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Air follows the shape of the wing (top). Increasing the angle of attack entrains the air farther down (bottom).

Sir Isaac Newton’s third law of physics states that for every action there is an equal and opposite action. So as the air moves down, the wings rise up and take the rest of the airplane with them.


How to Train the Air

If you stick your hand out of a car window while driving down the road, fingers raised at a slight angle against the oncoming wind, your hand will be pushed up because it is deflecting air down. In this case, the majority of the lift (the power that’s raising your hand) comes from the air deflected off your palm. It turns out that this is a relatively inefficient way to create lift—think about how fast the car needs to be moving before you feel the effect.

Strangely enough, most lift acting on an airplane wing doesn’t come from air deflected off the bottom but from air flowing over the wing’s top surface. In other words, airplanes don’t fly like kites or parasails; airplanes gain lift in a completely different way.

Remember that air is like a liquid, and liquid is slightly “sticky.” When you pour a fluid (like tea) out of a carafe too slowly, it sticks to the carafe and dribbles out onto the table, right? This tendency for liquid to follow the shape of an object is called the Coanda effect, and it explains why air moving over the top of the wing gets “pulled down” along the shape of the wing. Because the trailing edge of the wing is pointed slightly downward, the air passing over the wing flows in that same downward direction. The Coanda effect essentially helps the wing push air down.

This is nonintuitive, so try the following experiment: Use two fingers to hold a teaspoon by the end of its handle upside down over a sink. Now turn the faucet all the way on and gently bring the underside of the spoon against the rushing water. As soon as the spoon touches the water, the liquid sticks to the curved surface and shoots diagonally down off the spoon. The result: The spoon gets “pushed” in the opposite direction, into the water stream. If you turn your head sideways (and squint your eyes), you can sort of see the spoon as a wing getting pushed up into the air rushing by.



Those dimples on a golf ball actually trap the air and help it to better follow the surface of the ball. When a ball has backspin, the air traveling over the ball is entrained toward the ground, which helps the ball stay in flight longer, similar to an airplane wing (though wings are so big, they don’t need dimples).





Here’s where the Bernoulli principle kicks in. As the air is entrained along the top of the wing, it is “pulled” down and back, causing both a drop in pressure and an increase in speed. The lowest pressure occurs where the air is diverted the most: just behind the wing’s curved leading edge. The air is deflected downward, the pressure drops above the wing, and the aircraft rises.


Attacking the Air

Raising your fingers against the oncoming wind as you put your hand out a car window is called raising the angle of attack in aviation terms, and the more you raise the angle, the more lift you get (the faster your hand goes up). Similarly, when you raise a wing’s angle of attack (pointing the nose of the airplane up, for instance), you get more lift because the air is deflected downward faster. The trick to flying a plane upside down is in keeping the front edge of the wing higher than the back edge in order to deflect air down (toward the ground) and create lift.

However, there’s a problem: Air is sticky, but it’s not that sticky, so beyond a certain angle the Coanda effect stops working and the air won’t follow the top surface of the wing anymore. At this point—called stall—the air no longer gets deflected downward, and the wing can no longer generate lift. On most airplanes, stall begins when the angle of attack is greater than about fifteen degrees. (Note that the lift doesn’t just suddenly disappear; it’s a gradual process that can be reversed by dipping the nose of the aircraft down.)



In aviation lingo, the word stall has nothing to do with an unplanned loss of engine power, which is called an engine failure.





When fighter jets zoom up into the air at steep angles, their lift is based more on their powerful engines (which act almost like rockets) than on their wings. Commercial jet airliners and smaller aircraft, however, have to rise slowly in order to keep from stalling.


A Delicate Balance

Some people don’t like thinking about details, like how extraordinary it is that algae in the ocean account for much of the oxygen we breathe, or that thoughts are technically the result of brain cells passing chemicals to each other 1 million times a second. When we look too closely, we find that every moment of our lives is based on a delicate balance among mysterious forces that can be dimly grasped but hardly believed. Airplanes can fly because we humans have learned how to manipulate the air around us and hang in that balance.



When you hear that an airplane flies at 500 mph (800 km/hr), that’s the speed at which the air is traveling over the wings (airspeed), not necessarily how fast the airplane is moving over the ground (ground speed). An airplane flying into a headwind is like a boat traveling upstream–it takes longer to cover the same distance. For example, an airplane flying with an airspeed of 500 mph into a 50-mph headwind would have a ground speed of only 450 mph. But flying with a 50-mph tailwind boosts the ground speed to 550 mph, getting you to your destination faster.








Ignorance is the curse of God. Knowledge is the wing wherewith we fly to heaven.
—William Shakespeare, HENRY IV, 
part 2, act 4, scene 7
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WHAT IS AIR?

The only reason it is hard to understand how a fully loaded jet aircraft can fly is that air is invisible. If water were invisible, you might have a harder time believing that an ocean liner could float or a penguin could swim. And yet, air is as real and substantive as water. You can’t see the air, but you can see and feel its effects: grass moving in a gentle breeze, objects flying through the air in a hurricane, the steady erosion of rock along a windy beach.

Air is a relatively thick syrup of oxygen and nitrogen, along with some water vapor and a smattering of other elements. Like everything else, air is affected by gravity, so it has weight. However, the weight of air changes depending on a number of factors, including temperature (hot air is lighter than cold air) and humidity (believe it or not, the higher the humidity, the lighter the air, because the molecules in water vapor are actually lighter than the weight of the gases in dry air). The weight also depends on air pressure, which is greater at sea level than it is at the top of a mountain because at higher altitudes there is less atmosphere “pushing down.”




The airplane stays up because it doesn’t have time to fall.
—Orville Wright







Airplanes can fly because they push the air around them down. A Boeing 737 weighing 150,000 pounds (68,000 kg) must deflect about 88,000 pounds (40,000 kg) of air—over a million cubic feet (31,500 cubit meters)—down by 55 feet (16.75 m) each second while in flight.





Technically, air is very light (one cubic foot of it at sea level weighs about 1.25 ounces, or thirty-five grams), but it actually exerts an incredible amount of pressure because there is so much of it. At sea level, every object touching the air (including your skin) experiences about 14.7 pounds of pressure per square inch (or about 1 kilogram per square centimeter). That’s like tons of weight pressing against your skin each moment! However, you can’t feel it because you have air pressure inside you, too. We’re all so used to this equilibrium that it is difficult to feel the air around us.




The man who flies an airplane… must believe in the unseen.
—Richard Bach author of 
JONATHAN LIVINGSTON SEAGULL




Seeing Air

Although air is full of molecules, it’s invisible not just because the molecules are too small to see, but also because they don’t reflect or absorb the light waves that humans can see. On the other hand, you can see water vapor (like clouds), dust, or pollution particles suspended in the air.

For example, airplanes make clouds called contrails (condensation trails) at high altitudes when water vapor latches on to tiny particles in the engine exhaust. These long clouds can dissipate quickly or last for hours, depending on the humidity and the wind conditions.

Similarly, plumes of cloud can appear when an airplane flies in relatively humid air—that is, air carrying water vapor. Air traveling over the wings is moving faster and at a lower pressure than the air around it, and lower air pressure forces the water vapor to rapidly condense into clouds. These low-pressure plumes typically appear at takeoff or landing, either over the wings or at the tips of the wings. (You can also see these kinds of clouds as wind blows over tall buildings or mountains.)

You can also sometimes see the air where areas of cool and hot air meet (like the air above an asphalt road in the summer) because light travels slightly faster through the less dense hot air than it does through cool air. The result is a shimmering “mirage.” The air may fool the eye, but it’s as real as anything. So the next time you find yourself on an airplane wondering what’s between you and the ground, try imagining you’re a fish surrounded by clear water that you can’t see, but which is supporting you nevertheless.
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One of the most joyous experiences when flying is breaking through the cloud layer into the blue sky above. The above-the-clouds perspective can be fascinating, especially if you know what to look for. Here’s a rundown of the basic types of clouds you might see, either from an airplane window or from the ground

LOW CLOUDS. The lowest clouds in the sky generally consist of water droplets. Stratus clouds are the lowest of the clouds and don’t have well-defined edges. (You can think of fog as stratus clouds at ground level.) The word stratus comes from the Latin “to stretch or extend.” Cumulus clouds are the opposite: Fluffy and popcornlike, these are the most stereotypical of clouds (the name comes from the Latin “to heap or pile”). Although cumulus clouds appear serene, they typically appear in more turbulent air than the truly calm stratus clouds. Another low-lying cloud is the cap cloud (sometimes also called a wave cloud), which appears over mountains or even some tall buildings.

MIDDLE CLOUDS. Clouds at 7,000 to 18,000 feet are thicker, consisting of ice crystals or water droplets. Altocumulus clouds look like a thick textured fabric, perhaps canvas, or a wool blanket. Altostratus clouds are more diffuse and uniform, like a blotchy cotton sheet.


HIGH CLOUDS. The highest clouds in the sky are composed of ice crystals and appear above 18,000 feet, sometimes even at airliner cruise altitudes (around 28,000–35,000 feet). From the ground you can see the sun or moon through these clouds (sometimes with halos around them). Cirrus clouds are thin, wispy, and often gently curved liked hairs in the sky; in fact cirrus is Latin for a “curl” or “fringe.” Cirrocumulus clouds are like a thin sheet of delicate textured fabric, like wavy cotton gauze. Cirrostratus clouds are more diffuse and blurrier, blanketing the sky like wax paper.

MULTILAYER CLOUDS. Thick and dark storm clouds are typically made of nimbostratus clouds, which may reach from the low to the middle strata. Cumulonimbus clouds, perhaps the most dramatic-looking of clouds, tower into the sky, sometimes as high as 60,000 feet, often with a characteristic anvil-shaped head. These clouds can produce lightning, thunder, hail, heavy rain, and extremely strong winds, and pilots go out of their way to fly around them.








Aviation is proof, that given the will, we have the capacity to achieve the impossible.
—Captain Edward “Eddie” Rickenbacker
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There are a number of things that people do everyday that appear to
be plainly impossible upon closer examination. For instance, any non-
deaf person can hear sound. However, the reason you can hear sound
is almost beyond belief. Sound travels because air molecules (which
are themselves about 1/100,000 the size of the tiniest speck of dust
you can see) bounce into each other like waves rippling on a pond
until they reach your ear, where they encounter tiny hairs deep inside
your ear that bend with infinitesimally small movements. You hear
noises depending on which hairs bend and by how much.

Similarly, it’s obvious that airplanes can fly. But how? In the next
few chapters, you'll see that aircraft (and birds) fly on those same,
invisible air molecules, and that airplane wings, engines, and so on,

are all designed to take advantage of these mysterious but powerful

forces of nature. Don’t worry; learning how flying works may take

away the mystery, but it takes nothing away from the wonder.
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