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Steam engines are old—they were the first real engines—but they are also new. A lot of our electricity is still produced by steam turbine engines powered by nuclear reactors, coal, or natural gas.
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Introduction:

Engines: How They Work and Why We Love Them

ENGINES HAVE FREED us from the limits of human and animal labor. From a diesel engine the size of a small apartment building, to a piezoelectric motor so small a surgeon was able to thread it through the arteries in my heart, engines push us far beyond the limits of mere human ability. No human is as strong as even a modest electric motor. No human can move as fast, as accurately, or as tirelessly as the hundreds of motors we encounter in daily life. Yet they are so commonplace we take them for granted. Some we even treat as disposable, throwing them away when the batteries run out!

It’s impossible to overstate how dependent we have become on engines and the power that flows through them. On average each of us has the equivalent of about a dozen horses—about 10 kilowatts of average continuous power use—working for us twenty-four hours a day, seven days a week. Some is delivered directly in the form of heat (for example, by burning oil or gas), but the rest is fed into or through one form of engine or another.

No matter the type, engines operate by converting energy from some available source—electricity, sunlight, wind, gasoline, natural gas, oil, geothermal heat, and so on—into forceful mechanical movement, usually rotational movement.

In this book we will explore the huge and tiny, simple and complex, fast and slow, noisy and silent, dirty and clean, but always fascinating world of engines. We will look deep inside them to learn how they work, and we’ll look outside and around them to appreciate how they have changed the world.
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Internal combustion engines can be the size of an apartment building, or smaller than a large strawberry.
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Electric motors can be heavy cast-iron brutes able to run for years in harsh environments and sustain a collision with a forklift, or cheap toys you can buy for the price of a pack of gum.
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There are a million different ways to build an engine and it seems like people have tried just about every one.
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What’s the Difference Between an Engine and a Motor?

THERE ISN’T ONE. Although we typically say “car engine” or “electric motor,” for all practical purposes these words are interchangeable, and I can prove it to you in one sentence: Motor cars have engines. Case closed.
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Electric motor or electric engine?
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This sign is prohibiting cars and other motorized vehicles… that have engines.
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Finding examples of gasoline engines being referred to as motors is easy, but here’s a more elusive example of an electric motor being referred to as an engine. The maker of this fancy hair trimmer gushes about how it has a “Ferrari-designed engine,” by which they mean the electric motor that makes it run.


High-torque, brushless Ferrari-designed 7,200–rpm engine

Now that we’ve got that straight, let’s get right to work with the first and best engines, powered by steam.
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A highly efficient, advanced poppet valve steam engine from the early 1900s is seen here driving a large DC (direct current) electric generator. This fine old beast lives in a museum now, but at one time it was a bridge between worlds, when powerful, high-speed steam engines were still needed to power the generators creating electricity.
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Steam Engines

STEAM ENGINES are the best machines there ever were, or ever will be. They are the purest, most beautiful, elegant, and sublime embodiment of the essence of a machine.

They are huge and oily and they smell just right. Electric motors are too quiet and gasoline engines are too loud, but steam engines are perfect. They huff and they puff and they make music with their valves. They have parts that go around, and they have parts that go back and forth. Other machines might be more practical today, but nothing thrills the heart like a smooth-running steam engine breathing clouds from the fire in its belly.

We owe a lot to the museums and hobbyists who keep the best of them running, and even build new ones from time to time. Without these fans of the Steam Age, these beautiful beasts would be lost to centuries past. Sadly, they just aren’t as practical as the newer forms of engines we will encounter in later chapters.

Well, enough romance; let’s get on with learning about how these fine engines work. We’ll start with the basics, because by understanding the foundations of steam power, we set the stage for understanding the much larger world of internal combustion (gas and diesel) engines to come.

How Steam Engines Work

THE PURPOSE OF an engine is to convert energy into mechanical force or movement. In the case of a steam engine this effort is almost always in the service of making a shaft rotate with some enthusiasm. With a turning shaft you can do all kinds of things, like spin the bit in a drill press or drive the wheels of a car.

As with most engines, what you have to begin with is a linear force, that is, a force that pushes along a straight line. So the first job of a steam engine is to turn linear force into circular motion. This is done with a crank, which you’ll already be familiar with if you’ve ever ridden or watched someone else ride a bicycle.

When you pedal a bicycle, your legs and feet create a linear force that pushes on the pedals, which are mounted on a crank arm, which in turn is mounted to a big gear. This circuit—legs to crank arm to gear—converts the up-and-down movement of your legs into the rotary motion of the gear. The timing of the pushing and pulling is key. If you keep pushing when you reach the bottom of the stroke, you’re not helping the gear keep turning. Instead, you need to quickly switch from pushing down to lifting up at the exact moment you reach the bottom, and then switch again to pushing down at the top of the rotation. You can do this because you have a sophisticated electronic control system (called a brain) that coordinates the timing of your legs. Some cleverness is needed to get a lump of metal to do the same thing.

The action in a steam engine begins with boiling water in a closed, sealed container or boiler. When the water turns to steam, it expands and creates pressure inside the boiler. A pipe routes the pressurized steam into the cylinder, where it pushes on the end of the piston, forcing it toward (or away from) the crank. The crank turns the flywheel and anything else connected to the crank shaft.

Just as with pedaling a bicycle, timing is key. The steam needs to push on the piston in the right direction at the right time, or the engine won’t run. Your muscles move in whatever direction your brain tells them to, and the piston moves in whatever direction the steam pushes it. So in place of a brain, the steam engine has a set of valves that controls when and where steam pressure is applied.
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Bicycles are like human-powered steam engines, with legs instead of pistons, a digestive system instead of a boiler, and brains instead of valves.
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A steam engine is a lot like a person riding a bicycle, in metal form. This little model was at one time a cheap toy steam engine, a lot like one I had when I was a kid. Now it’s a much more expensive collectible I paid too much for on eBay because I didn’t think to save my own. Either way, it was and is a marvelous thing to watch. You fill the boiler with water, pop in a few dry fuel pellets, and a couple minutes later it’s puffing away as happy as can be.








Models of Perfection

TOY STEAM ENGINES have been popular for a long time. Even today you can buy many different types of working toy steam engines. You can still find brand–new cutaway educational models that show exactly how these engines work, despite the fact that no one has actually needed to know how a steam engine works since before I was born. To me this feels like the mechanical equivalent of teaching cursive writing, but I’m very glad there are those who still appreciate the magic of these mechanical wonders enough to keep up the tradition.

Toy internal combustion engines are also available, but they are not nearly as popular, probably because they are so much less pleasant to be around when they are running. A steam engine can run gently on just a little steam, air pressure, or canned air. Some of them run so smoothly that you can simply blow into them to make them go. There’s something so satisfying about a little engine just humming along. But if you want to understand how they work, the cutaway models are what you need.
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This chunky, solid cast-iron and brass engine is much nicer than the toy model we were just looking at. It’s about 6 inches (15 cm) wide and it runs beautifully and smoothly, fast or slow depending on how much pressure you give it.
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This clever, fully operational cutaway model does a much better job explaining itself. You can actually see most of the working bits. It runs so easily that you can just blow into the pipe on the left to operate it, except that makes the clear cover over the valves fog up. Better to use compressed air.






Valves make sure the steam gets to the right side of the piston at the right time, but there’s also the question of how much steam to send. The governor’s job is to regulate the total amount of steam allowed through, in order to control, or govern, the speed of the engine. How does this work?

Below are two close-up images of a governor. The first image shows the governor in its initial, dormant position, before the engine is running. The second image shows what happens once the engine is up to speed.

The small pulley on the left side of the governor is connected by a belt to the flywheel shaft. When the engine runs, the three balls spin. As the engine increases its speed (as more steam is delivered to the pistons) the balls spin faster. Centrifugal force pushes the balls outward from their center, which forces the arms supporting them to compress, which pushes down on a shaft running through the center of the axle that supports the spinning assembly. This in turn operates a valve that reduces the amount of steam that’s delivered to the engine, thus slowing the engine down.

This is a feedback mechanism. The faster the engine turns, the less steam is allowed through. When the engine slows down, the balls begin to return to their original positions, which allows more steam through the system and speeds up the engine once again. If things are working right, these factors balance out and the engine runs at a steady speed. If things are not working properly, the engine “hunts,” speeding up and slowing down in an annoying cycle.
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This cutaway model adds a simulated governor.
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This typical steam engine governor is in its initial position, set to allow maximum steam to be delivered to the engine.
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The same governor is now in position to slow the engine by limiting steam.
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Steam engine models don’t have to be elaborate to be beautiful. Sometimes being made entirely of brass is all it takes.
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Steam engines will run on any kind of compressed gas, not just steam. I discovered a wonderful fact about the tiny brass ones I collected for this book. The inlet ports are exactly the right size to fit snugly into the nozzle of a can of Dust-Off. Stick in the nozzle, pull the trigger, and the engine spins! This is by far the most convenient, expensive, pointless, and environmentally questionable way to run a steam engine.
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Steam engines go with anything! Here’s one mounted on top of a walking stick, such as might be used by a proper Victorian gentleman. This is not an antique or a one-off built by some hobbyist; it’s a commercial product. Clearly there’s a market for this kind of accessory.
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This Air Hogs brand model airplane uses a compressed air–powered “steam” engine to make it actually fly. You use a bicycle pump to compress air into what amounts to a plastic soda bottle that makes up the body of the airplane. Instead of just releasing the compressed air to propel the plane, this aircraft is equipped with a propeller that in effect “pushes off” against the surrounding air and allows the plane to fly much farther. The yellow tips on the ends of the blades are heavier than you might think. They act as the flywheel, needed to keep the engine spinning. The engine adds weight, but more than compensates for it by making the translation of stored energy to momentum much more efficient.
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The Air Hogs steam engine is a marvel of simplification. A poppet valve is pushed open by the end of the cylinder when it reaches the bottom of the stroke. This is by most measures a terrible way to design a steam engine, because it means air pressure is applied before the piston reaches a standstill, briefly pushing it back in the wrong direction. But apparently the inertia of the valve means it stays open just a bit longer when the piston is going the way you want it to, resulting in a net force keeping the engine going. The main advantage of this design is that it’s extremely cheap to make. The manufacturer even reused a single valve spring to close both the cylinder valve and the filling valve just below it.
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This has got to be the cheapest working steam engine model ever—$24 delivered right to my door. And it actually runs! Although steam engines are sometimes held up as examples of early precision machining, the fact is that you don’t need precision-machined metal components to make a working, even useful, steam engine. This one is made entirely of cheaply molded plastic (except the metal boiler), and some early steam engines were made largely of wood. We’ll see in the next chapter that this is not the case with internal combustion engines, which absolutely rely on advanced metals and precision machining.
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Cretors, still in business today as a maker of popcorn poppers, built these entertaining steam-powered popcorn wagons for many decades. The steam engine, mounted right in the middle of the wagon, stirred the popcorn while providing entertainment for the customers. Some of the original wagons are still in use, still with working steam engines, at the Disneyland theme park in Anaheim, California.
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Some steam engines blur the line between model and working engine. This one is currently displayed as a model, but it was originally a working engine with a real job to do. What job could such a small engine actually do? Stir popcorn!
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It takes love to make these tiny details just right.






STEAM ENGINES CAN be made cheaply, but there’s real danger in going too far in that direction: Boilers are not to be taken lightly. The boiler in a toy steam engine is usually just an empty container. Water inside is boiled by heat from below and exits the top as steam. A pressure relief valve is designed to open long before the container bursts. But in a real steam engine the boiler is a much more complicated arrangement of hundreds of metal tubes going back and forth inside what looks like a simple tank. Water flows around these tubes while fire and super-heated gas from the fire flows through them. This greatly increases the amount of heat that can be transferred from the fire to the water, by increasing the surface area where they meet. But it also increases the opportunity for pressure to build up very rapidly.
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The best views of the insides of steam boilers come when they have a bad day. Needless to say, these explosions are very dangerous: Dozens of people have been killed in single boiler explosions. These disasters continue to occur even in modern times, though usually today it’s boilers installed in buildings that have steam or hot water heat. Numerous safety features, such as automatic pressure relief valves, are supposed to prevent explosions, but for every safety feature there is a circumstance in which it can fail.


Anatomy of a Steam Engine

TO REALLY UNDERSTAND how steam engines work, you have to wrap your head around the dynamic interplay of movements between the piston, flywheel, and valves. I spent altogether too long studying the metal models on the previous pages and never really felt like I “got it.” What I needed was a model that left out all the nitpicky details required to make an engine actually work and concentrated instead on the fundamentals of time and motion.

It was only after I designed and built this model—which frankly does not look much like a steam engine at all—that I truly understood the simple, fundamental principle that underlies any engine of this type. Once I got the basic idea, all the other models suddenly made sense, and I could move on to design new ones that look and work a lot more like actual steam engines. I hope to show you through these pictures what I learned from the model, though, to be honest, for me at least, it took holding the thing in my hands before it really made sense.

You need to grasp two key ideas: harmonic motion and the phase of motions relative to each other. But before I explain those two terms, we’re going to go through step-by-step, in excruciating detail, the key stages of one complete cycle of my model engine. Bear with me.
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This is a highly stylized, simplified model of a steam engine, showing only the key parts.
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STEP 1 We start with the engine arbitrarily in this position. The piston (green) is traveling toward the right and is about halfway through its stroke. The valve (orange) has opened up a channel to direct high-pressure steam (shown with a red arrow) through the lower pipe to the left side of the piston. At this point the valve is barely moving, and in fact comes to rest for a moment as it changes direction from moving down to moving up.
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STEP 2 A moment later the piston has almost reached the right side of the cylinder. It’s still moving, but slowly. The valve, on the other hand, is moving fast upward. Think about the movements of the piston and valve like your legs when pedaling a bicycle. They go faster as they move through the stroke, but they slow down to a momentary dead stop when reversing direction at the top and bottom of the stroke. The valve and piston both follow this same choreography, but one-quarter turn out of sync: when the piston is moving fastest, the valve is pausing, then reversing direction; and vice versa.
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STEP 3 A tiny bit later the piston stops and reverses direction, and the valve has briefly cut off all steam flow. (Notice how the thicker sections of the valve are blocking both of the steam pipes.) At this point the valve is moving at its fastest pace, which means it won’t stay shut off for long.
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STEP 4 A split second later the valve has moved far enough to open a new channel for steam to flow. Instead of connecting the steam inlet with the lower pipe, now the inlet is connected to the upper pipe. So instead of pushing on the left side of the piston, steam is now directed to the right side of the piston, which reverses the direction of its movement.
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STEP 5 Pushed by steam from the right, the piston is now traveling to the left. Here it’s in the middle of its stroke, traveling as fast as it can. The valve is nearly stopped as it begins to change direction. Notice again the complementary nature of the two movements: when one is going fast, the other is going slow.
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STEP 6 At this point the piston is coming to rest as it prepares to change direction, and the valve, traveling quickly in the downward direction, is just about to cut off the steam flow again.
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STEP 7 Here the steam is again cut off for a moment. The valve is traveling downward as fast as it can, and the piston is stopped for an instant. Note that while the piston and valve are starting and stopping, the flywheel just keeps turning at a steady speed. These wheels are made to be very heavy so they have enough inertia to carry the motion smoothly through the dead spots where there is no steam helping.
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STEP 8 The valve has moved far enough to allow the steam flow once again into the lower pipe, which is where we started the cycle in Step 1. The piston is starting to accelerate toward the right, pushed by steam pressure from the left, thus completing a full cycle.


Harmonic Motion and Phase Angles

IF YOU WERE TO plot the up-and-down motion of the valve in the model we just looked at, you’d get a curve called a sine wave. The motion of an object following a sine wave is called harmonic motion. You will find this curve all over the place, representing all kinds of everyday movement. It’s the motion of a vibrating string or of anything connected to the rotation of a wheel. It is also the curve followed by the voltage of alternating current, and by electric and magnetic fields associating with radio waves and light.

Harmonic motion can be described as the smoothest possible back-and-forth motion. The speed (velocity), the rate at which the speed is changing (acceleration), and the rate at which the acceleration is changing (jerk) all remain perfectly smooth throughout the cycle of the movement. In fact, all of these motions—the speed, the acceleration, the rate of change of acceleration, the rate of change of the rate of change of the acceleration, and so on forever—all follow sine waves, just shifted in time. (Mathematically this is described by the fact that the derivative of sine is cosine, which is just sine shifted by 90 degrees. No matter how many derivatives you take, it’s sine waves all the way down.)
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This graph shows the movement of the valve in the model on the prior page.






In Step 1 the valve is all the way at the bottom.

At Steps 2 and 3 the valve is about halfway to the top of its rotation and moving at its fastest rate of speed, represented by the steep slope of the line.

By the time we reach Step 5 the valve is at the top of its rotation, where it stops momentarily. This is shown by the top of the curve becoming perfectly flat.

At Step 6 the motion is reversed, as the valve begins moving back down.

The movements of the valve and the piston have a complementary relationship. This idea is illustrated most clearly if the movement of the piston is shown alongside that of the valve in the same graph. What the lines show is that when one is moving fast (steep slope), the other is slowing down, stopping, and turning around (flat curve). This is really the heart of what makes the design work. The valve needs to move fast to switch the steam when the piston needs to change direction, and at that moment the piston needs to stop so it can turn around.

Both the valve and the piston are following sine waves, but one is shifted by a quarter of a turn, or 90 degrees of rotation. These two waves together are commonly called sine and cosine waves, and we say that they are 90 degrees out of phase with each other. You can see in the model exactly where the 90-degree shift comes from. The movements are one-quarter cycle out of phase because the connecting rods rotated by 90 degrees—one-quarter of a circle—from each other. One of them responds to left/right movement of the crank, and the other responds to up/down movement.

It is a deep and fundamental fact about circles, and at the heart of the definition of the sine and cosine functions, that if you combine a sine wave in one direction with a cosine wave in the other direction, you get a circle. This is an incredibly general idea with applications all over the place. It is as fundamental to electric power and electric motors as it is to steam engines, as we’ll see later on.
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Here is the same graph of the valve’s movement from before (yellow), with the corresponding movement of the piston added (green).






At Step 1 the piston is halfway through its movement, traveling toward the right.

At Steps 2 and 3 the piston is turning around at the far right, while the valve is moving as fast as it can through the center of its movement.

At Step 5 the piston is moving as fast as it can toward the left, illustrated by the steep descent of the line, while the valve is slowing and approaching its turnaround point.

Approaching a Real Steam Engine

THE ENGINE we just studied was designed specifically to make clear the 90-degree, quarter-turn relationship between the movement of valve and piston. This relationship is the same for all steam engines with this style of valve. But real steam engines (and every other model I know of) don’t look anything like my abstracted model. That’s because the 90-degree model we studied would make a terrible actual steam engine. For efficiency you want the steam valves to be as close as possible to the piston, preferably mounted right on the cylinder itself, letting steam directly into the cylinder with no pipes at all. Let’s see how we can modify my model to achieve a more efficient and more realistic result.
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This model preserves the 90-degree relationship between the piston and valve connecting rods from the original model. It necessarily preserves the same timing of movement, but I’ve added an L-shaped lever that folds the motion over to bring the valve closer to the piston. The lever also allows the valve to move only half as far, making the whole model more compact.
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This lovely little (less than 2 inches/5 cm tall) brass steam engine uses a very similar design, including the right-angle takeoff and motion-reducing lever. It’s different in that it folds the motion of the piston rather than the motion of the valve, and it’s slightly simplified in that the valve only sends steam to one side of the piston. So, like a person pedaling a bike, it only pushes, never pulls. That works but gives you only half as much power from the same size piston.
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This model is even closer to how a real engine works. In fact, its basic shape is modeled directly after a real, full-size engine (except that the valve-to-piston distance is somewhat exaggerated). You’ll notice that the 90-degree relationship between the valve and the piston seems to have vanished. What gives?
The piston and valve connecting rods come off at two different, random angles, and they are connected to two separate crank arms that are rotated by a complementary, also seemingly random angle on the flywheel axle. What you can’t see is that these two angles combine—because they were carefully calculated to do so—into a 90-degree difference in the phase of the motions. You’re just going to have to take my word for it, since there’s no way to actually be able to see the way the angles combine on this model, let alone by looking at a real steam engine. I only managed to understand how the action works by physically building this 90-degree steam engine model and realizing that engines like this are just getting to 90 degrees with a lot more steps. In pursuit of efficiency and compact design we sacrifice simplicity.
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This model uses a design similar to the clear model above. Both valve and piston connecting rods come off at the same angle (straight up), which means the two crank arms (to the left and right of the support pillar) are rotated 90 degrees on the shaft, making them somewhat easier to follow than one where the arms come off at random angles (which makes sense, since this is meant as an educational model).






More Than One Way to Drive a Steam Engine

THE ENGINES we just discussed all follow the same basic idea of two coordinated harmonic motions 90 degrees out of phase. But there are myriad other ways steam engines can be made to work. Over the centuries leading up to steam engines’ final days of dominance in the mid-1900s, valve designs became ever more complicated but also more efficient, resulting in better, more powerful, more fuel-efficient engines.

We’ll look at some of those “high-tech” steam engines in a bit, but first I wanted to see if I could make a variation that I had not seen anywhere else: a steam engine with only a single connection to the flywheel. At first I thought it must be impossible, because the valve needs to be moving when the piston is stopped. How can you make a mechanical linkage that moves when the thing driving it isn’t moving? My solution was to amplify the motion just before the piston comes to rest.

It turns out this design was used in some steam locomotives, so it’s not new, just new to me. But still, I’m pleased with my design, and it gives me a chance to put a bit more math into this book, which is never a bad thing. (Except with respect to sales. I read somewhere that for every mathematical formula included in a book, sales of that book will be cut in half. I can only assume this theory isn’t more widely known because it is itself a formula, and thus doomed sales of the book it was in. So I’m only putting in graphs, not formulas.)
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The Simplest Steam Engine
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