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PREFACE

Inside this book you will find projects and experiments that reflect new ideas, inject new ideas into older ideas, and aim to generate new thinking from those who try them out.

The projects demonstrate principles and phenomena—sometimes very unusual phenomena—in engineering, physics, and chemistry. With the exception of one or two more open-ended activities, they offer one sure-fire version of the project, alongside suggestions for variations and improvements. The ideas come from my work in industrial gases, and from running science sessions both for younger (8–13) and older (16–19) age groups, in schools, with educators, at a Saturday morning club in my hometown of Guildford (England), and, more recently, in project work with university students.

The projects for the book are chosen on the grounds that they are new, that they work, that they are spectacular, and that they are interesting. As demonstrations, most of these projects will fascinate anyone, child or adult. Some of the easier experiments can be carried out by kids as young as nine or ten, while teenage or adult abilities are needed to do more complex projects or those needing greater manual skills. Others are fairly open-ended challenges that you could carry out quickly at a basic level, but which could absorb considerable time if you were to make them more sophisticated and develop your own ideas around them.

The science explained in the main text of the project chapters is kept at a straightforward level, with more complex explanations in boxes, and just a little math.

Safety Hazards

Some of the projects and experiments, sometimes by virtue of their newness, will carry new risks, albeit small risks. However, this book is NOT about doing dangerous projects and demonstrations because they are dangerous—rather, it is about doing interesting projects, some of which happen to have elements of danger.

Real dangers and perceived dangers are of course two different things. Driving your automobile you probably feel fairly safe. By contrast, an aluminum box suspended 40,000 feet up in the air and held there by nothing more substantial than the wind rushing by, sounds dangerous. But in fact, travel by jet airliner is 100 times safer than going by automobile. In each project, where there is some element of hazard, this has been highlighted. All experiments should be done under the supervision of an adult, and caution is recommended at all times.

The Shortage of Engineers and Scientists—Science Clubs to the Rescue

The BBC in London asked me to participate in a discussion during the UK’s Science Week. In the UK, just as in the US, there is a major shortage of science educators, and an unwillingness of students to do physics, chemistry, or engineering degrees. I reminded the audience in the broadcast about how important hands-on practical work is to science learning, and how often this key curriculum item is cut back for lack of time or suitable staff.

The other reason we have neglected hands-on science work is because we don’t let kids get on with stuff at home so much anymore. With many parents based in city locations where there is no backyard, kids aren’t encouraged to do anything that requires bulky stuff or is messy in any way. So Morse code telegraph wires don’t get connected between houses; model airplanes don’t get glued together and flown; ponds don’t get dragged for bugs to study and dissect; and black powder isn’t mixed up for homemade fireworks. A whole panoply of interesting stuff that used to go on doesn’t go on today, and our kids lose out on tremendous educational experiences that benefited previous generations enormously.

Although there is much to be done by government action and by the management of our schools, there is also much that can be done by us as individuals. I think that science clubs can have a significant role in taking the place of much that is now not done at school or home.

So why not volunteer to run a science club at your local school or the school your children go to? Or set up an independent science club, as I did fifteen years ago, alongside other Saturday morning recreational activities. And if you can’t run a science club for a whole bunch of kids, you can still make sure your own kids get some hands-on experience. Can you clear them a space in the garage, put a shack up in the garden, buy them an Erector Set and some other hardware?

Saturday Science on the World Wide Web

Try my website www.saturdayscience.org for updates and more information on projects, tips on how to make things work better, pictures of Saturday Science projects other people have built, details on my other books, and lots more. You might also try looking me up on Google under “Neil A. Downie.” Or, even better, look at YouTube, under “nddownie” (Neil and Diane Downie) where I post video clips from demonstrations and lectures from time to time.

And Finally . . .

A few remarks to those who have read—or who might want to read—my previous books. First of all, none of the projects in earlier books are duplicated here. Second, I have put in just a little math. The publisher and I have decided that less math gives a better balance for many readers. This is not to say that more math is not a good idea: it would deepen understanding, and probably the performance or reliability of the project or demonstration. So if you do have a math neuron or two in your brain, let them loose on the projects here.

Lastly, look out for my next great popular science book. I’ve got a garage and workshop full of semi-completed projects—albeit with a few duds in the mix—more books in draft in my study, and a bunch of kids trying things out. Stay tuned!

N.A.D.

Odiham, Hampshire, 2012
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SIMPLE BUT NOT ALWAYS EASY TO EXPLAIN


Raffiniert ist der Herrgott, aber boshaft ist er nicht.
[Subtle is the Lord God, but malicious He is not.]

Albert Einstein speaking at Princeton University, 1921









1. BLUNDERSPUDS AND CARROT CANNONS—ARTILLERY AND BOYLE’S LAW



BLUNDERBUSS: an obsolete muzzle-loading firearm with a bell-shaped muzzle. Its calibre was large so that it could contain many balls or slugs, and it was intended to be fired at a short range, so that some of the charge was sure to take effect. The word is also used by analogy to describe a blundering and random person.

Encyclopedia Britannica, 1911

The spud gun was a staple weapon of junior soldiers from at least the 1960s onwards. It comprised a tiny piston mounted on the handle of a toy handgun, the trigger of which pulled back a cylinder over the piston. The cylinder had a nozzle that could be jabbed into a potato, removing a pellet. When you squeezed the pistol hard, you compressed air in the cylinder and the pellet of spud was ejected like a small bullet. Later a three-in-one design came out that could do more. It could not only fire pieces of potato, but also squirt water and ignite tiny explosive caps.

I have to admit, however, that I have recently tried out these weapons of my youth, and they are much less impressive than I recall. Perhaps instead of a potato pistol, we should aim for something a little bigger, a potato musket maybe?

In the olden days there was a very large-bore musket rather wonderfully named a “blunderbuss.” With the assistance of the kids at our Saturday Science Club in Guildford and a little science, I decided to come up with a vegetable equivalent worthy of the name “Blunderspud.” (Though as it turns out, we discovered that carrots actually made the best bullets . . . so I guess we’ll have to call it a Carrot Cannon from now on.)

What You Need


A metal tube about 600 mm (24") long, preferably steel, thin-walled, with an internal diameter of 10–20 mm (3/8"to 3/4"), or a plastic tube of the same length, thin-walled (about 1.5 mm), with an internal diameter of about 20 mm (3/4")

A plunger: a strong round wooden rod or bamboo stick that fits inside the tubing

Sponge rubber or plastic, duct tape—to make a hand protector for the plunger

Carrots—large ones—larger in diameter than the outside of the tubing

A rod or tube (of steel or some other strong metal) that fits loosely inside the tube (for widening the tube at the ends)

A hacksaw

A round file, a deburring tool, or a knife



What You Do

You can use plastic, copper, or other metal tubing for the carrot cannon. First cut your barrel to, say, 600 mm (2') long. The longer the barrel, the more compressed air there will be to store energy, so long is good. However, there is an ergonomic limit to how long you can make the barrel, because the plunger needs to be longer than the barrel, and you need to be able to push the plunger with a high degree of force into the barrel. So, unless you have arms like a gorilla, the plunger shouldn’t be much longer than 900 mm (3'), including 150 mm (6") for a handgrip.

Next you need to bevel the edge of the ends of the tube on the inside of the tube to sharpen it. You will then be able to cut into the vegetable with a reasonably low force. More subtly, that bevel should be on the inside so that the piece of vegetable cut off will be slightly larger than the inner diameter of the tube; that way it will form a gas-tight seal. I find that a simple craft knife will do a reasonable job of this on plastic, but you may find it easier to use a file, and a file is certainly indicated for metal. I also have a slightly unusual workshop tool called a “deburring tool.” A deburring tool consists of a tiny curved blade made of hardened steel that is mounted so that it rotates freely in its handle. It is easy to use and does a neater job. The edge of the tube doesn’t need to be razor sharp—cutting the edge down from its normal 1.5 mm to, say, 0.7 mm or 0.5 mm will be fine.

[image: Image]

Now, if you are using copper tubing, it may help to widen both ends of the tube further by bellying the tubing out slightly as follows: insert the steel rod 1/2"to 1" into the tube and roll it around, so that it bellies out the ends of the tubing slightly. Copper tends to be surprisingly malleable and can be worked in this way quite easily. Repeat this process until you have a tube end 1 mm (1/32") or more wider than the body of the tube.

Then you must tape a hand protector securely to the plunger, leaving a large enough portion of the plunger-rod projecting out to ensure that your hand can get a firm grip. The protector prevents you from cutting your hand on the sharp end of the tube when you shoot. You could also incorporate a handgrip near the breech end of the tube to allow you to put more force on the carrot cannon when firing. Now place a large carrot on a flat surface, use one hand to guide the tube into the side of the carrot, and the other to push it downwards, thus cutting a piece of carrot and pushing it up the tube. Do the same again at the other end, so that you have carrot in both ends. Now place the plunger on the ground or on a tabletop and, guiding it with one hand, force the tube down onto the plunger, pushing in one piece of carrot (the bullet carrot) 25 mm (1"). Do the same at the other end with the piston carrot, pushing it in perhaps 50 mm (2") or more. You are now ready to fire.

Push the plunger hard and reasonably fast, while aiming the muzzle of the tube at the target. With luck, the piston carrot should slide down smoothly toward the bullet carrot until the bullet carrot suddenly shoots out at high speed.

Trouble can arise if the piston or projectile leaks. If this happens, just eject them and try again, or simply put another carrot plug in the piston end and try again; you then will probably fire two plugs of vegetable instead of one.

The cannon we have constructed here works by compressing air, with the breech carrot plug acting as a piston inside the cylindrical tube. As the air is compressed, force builds up on the other piece of carrot until the static friction between the latter and the tube wall is insufficient to keep it in place, and it shoots out of the tube at very high speed. The piston carrot should just fall to the ground in front of the weapon.

You will find that carrots work well. They are best loaded transversely, but obviously you need good large carrots, large enough so that when the tube cuts into them the tube is entirely filled. Vegetables that are hard and fresh are best, although aged carrots can be restored somewhat by soaking them in cold water for a while.

Try other vegetables: carrots are very good, but is there something better?


	Potatoes work pretty well—but they’re not as good as carrots.

	Try a larger-bore cannon, a veritable blunderspud (“blundercarrot” just doesn’t have the same ring to it . . . )—but beware!—it may need a lot of force from your arms to make it work well.



You can now try out various ways to improve your weapon. One neat feature might be the ability to use the piston of one shot as the projectile for the next shot, but you’ll have to get the length of the plunger just right. (Thanks to Geoff Thomson for this excellent refinement.) How well does this work? Does a pellet of potato that has been used as a piston actually work properly as a projectile after it has been pushed down the barrel and perhaps lost some of its frictional properties? Could you deal with this by actually narrowing the muzzle end of a carrot cannon? And what about extending a widened barrel to act as a low-friction expansion chamber, to ensure that as much of the energy in the compressed air as possible becomes available when the pellet starts to move. A related question: Is it worth packing the projectile further down inside the barrel? Does this give it longer to accelerate under the compressed air pressure?

What is the best angle at which to aim the tube for maximum range? And what happens when you use bigger or smaller tubes?


Hazard Warning

Don’t fire a carrot cannon directly at anyone unless they are wearing high-quality protective goggles, such as those sold for use in paintball games, and do not fire at anyone who is close at hand. Although carrot bullets are pretty harmless, they can cause a big bruise at close range, and a direct hit on someone’s eye could cause blindness, which would be appalling.

Less dramatically, watch out that you don’t cut your hand while loading the carrot cannon. Leather gloves may be helpful at first. And don’t forget to include the hand protector and to position your hand behind it so that it protects you.



How much does the rate at which the potato musket is driven affect the final muzzle velocity?

And what about the accuracy of the device? Does the short ride up the barrel mean that the weapon’s aim is necessarily inaccurate?

The amount by which the barrel and breech ends are bellied out is important. The first affects the frictional grip of the muzzle end, and the second the gas seal of the piston. How tight does its fit have to be to give a good seal?

How It Works: The Science behind the Carrot Cannon

Boyle’s Law tells you how much pressure increases when you compress a gas. It says that the pressure increases in proportion to the reciprocal of the volume. So when the volume goes down, the pressure goes up. In math, we might put this as:

P = k / V,

where P is the pressure, k is a constant, and V is the volume of the gas. The pressure we talk about here is the absolute pressure, not the pressure relative to atmospheric pressure or gauge pressure. The air in the cannon starts off at 0 barg (0 psig), which is 1 bara (15 psia).

So if we start with a volume of, say, 60 cm3, and finish with 6 cm3, then the pressure will have gone from 1 bar absolute (15 psia) to 10 bara, which is 9 bar gauge (130 psi).

Another way to consider the carrot cannon is to estimate the energy (E) stored in the compressed gas as being proportional to the logarithm of the pressure reached and to the volume of the tube. Using this formula, we can estimate the energy as roughly 10 Joules.

If all of this energy were delivered to the projectile, then the projectile would have a speed proportional to the square root of the energy divided by its mass. In fact, 10 Joules would be enough, theoretically, to take a 5 g (1/5 oz.) projectile up to a speed of 60 m s-1, or 120 mph. If we do only half as well as this, then the carrot bullet will fly out at 30 m s-1 or 60 mph, which explains why you need to take care where you aim!

And Finally . . .

What about non-vegetable materials? With other materials you will probably need to include some juice to act as a lubricant (although this could be added later), but whatever you try must also grip the inside of the tube tight enough to seal it, and, in the case of the projectile plug, tight enough to allow a good build up of pressure. The bellying out of the tube is clearly very critical. Can ring indentations around the inside of the tube help the projectile to grip and hence allow the weapon to reach a higher pressure?

You could of course replace the piston-end plug with a permanent piston, using industrial O-ring seals perhaps, or a cup-shaped seal as seen on bicycle air pumps. This is the sort of thing discussed in patents on toy guns, such as GB143548, dating from 1921. The author of that patent, Heinrich Beck, describes how you can make a quick-firing revolver using pellets punched in quick succession from a disk of spud. But perhaps this is getting too far away from the elegant rustic simplicity of our basic blunderspud or carrot cannon.

Patents


Buerk, Carl. Improvements in or relating to toy fire-arms. UK Patent 329,233, filed November 23, 1928, and issued May 15, 1930.




More or less the modern toy spud gun.




Beck, Heinrick. Toy guns. UK Patent 143,548, filed November 11, 1917, and issued April 21, 1921.




An altogether more sophisticated toy gun capable of firing successive shots quickly. It works by moving a large slice of potato around in the breech of the gun. As you pump the piston to and fro, it automatically loads and then fires a piece of potato at each stroke.





2. MR. BERNOULLI’S POP-UP PISTON—MORE BERNOULLI WEIRDNESS



There is no science which is not founded upon knowledge of the phenomena, but to get any profit from this knowledge it is absolutely necessary to be a mathematician.

Daniel Bernoulli
Quoted in C. Truesdell, Essays in the History of Mathematics

(Truesdell uses the word “philosophy” rather than “science”)

Daniel Bernoulli is responsible for the theory behind what is sometimes known as the Venturi effect, so-called because it was much researched by the Italian physicist Giovanni Venturi. It is a strange and curiously counterintuitive phenomenon.

A gas, such as air, rushing along a tube from a larger diameter to a smaller diameter has to increase in speed. Otherwise it would all pile up, which is impossible in a rigid tube. But this obvious increase in speed is accompanied by a much less obvious decrease in pressure, a decrease precisely predicted by Mr. Bernoulli’s math. When you push an oversize peg through a hole, the pressure goes up, so why does the pressure go down when you push gas from a large pipe into a small pipe? The Venturi effect is of considerable importance in technical devices of many sorts. Venturi meters measure flow using pressure drop. Paint sprayers and carburetors in simple engines (like the one in your lawnmower) use low pressure to spray liquid hydrocarbon into an airstream. And the heads that read data off a disk in your computer hard drive or DVD player fly just barely above the disk by taking advantage of low pressure to force them down towards the disk but never quite to the point touching it.

However, you don’t need to know much about technology to demonstrate the Bernoulli effect and its nonintuitive nature. The following experiment provides a clear and simple illustration—except that there is a further level of puzzlement to overcome in figuring out how it actually works.

What You Need


A stack of squares of wood, 8 × 10 or 10 × 13 cm (3" × 4" or 4" × 5"). The total thickness of the stack should be 3–7 cm (1¼"–3")

A 30 mm (1¼") dowel rod

A large-diameter drill (to match the dowel)

Balls (Ping-Pong balls, super-elastic polyurethane Super Balls, etc.), all of the same 30 mm diameter

 

Optional

A hairdryer

 

For Bottled Bernoulli

A long-necked wine bottle

A piece of dowel wood that fits loosely into the neck of the bottle (or just compressed, crumpled paper)



What You Do

The pop-up piston is simply a length of dowel rod, cut off and rounded a little with sandpaper, and perhaps made slightly conical at one end.

Now cut holes in the middle of the squares of wood, cutting a sufficient number of squares so that you can drop the full length of the dowel completely into the stack of pieces of wood. This is the cylinder in which the piston will move. Start with the piston roughly flush with the surface of the wood—a little below or above doesn’t matter. Place the stack on the surface of a table or desk.

Now blow across the top of the wood. You need to blow quite hard and suddenly. You don’t need to blow down into the hole. You are NOT blowing air into the gap between the dowel and the hole in the wood. You are simply blowing over the top, slightly downwards perhaps. With luck, you will find that the dowel rod jumps up in a rather surprisingly easy motion. In fact, you may find that it jumps up and hits you on the nose—although this of course depends upon how large an olfactory organ you are blessed with. Try with a deeper stack of wood, so that the piston is slightly buried rather than flush with the surface. Can you still get the piston to jump up?

[image: Image]

Now take the stack off the table and, leaving the bottom open, prevent the piston from falling out with a finger, or perhaps with a piece of cotton thread taped across the bottom. What happens when you blow now? Try using tape or glue to stick a piece of paper or thin cardboard across the base—what happens?

Now try with one of the balls. Adjust the stack of wood so that the ball is not too deeply buried, and repeat your sudden jets of breath. Now repeat the trial with different types of balls. Are Ping-Pong balls much easier than Super Balls? Next provide a support that raises the ball or piston above the bottom of the cylinder but does not fill the entire cylinder base. For example, you could use a small cube of wood. Does this make it easier or harder to lift the balls? Finally, you could try a stack of two or more balls. Can you get them all out of the wood at once?

The Bernoulli Pop-Up Piston works because of the lowering of air pressure near fast-moving air, the effect we call the Bernoulli or Venturi effect—although exactly how this applies is not entirely straightforward.

How It Works: The Science behind the Pop-Up Piston

The Bernoulli equation says that when a flow of gas or liquid in a pipe is forced to go faster through a constriction the pressure must drop. The converse follows, so that when the pipe widens out—at least if it widens out smoothly—then the flow must get slower and the pressure rise. The equation is simple: P + ½ ρ [image: Image]2 is a constant, where P is pressure, ρ density, and [image: Image] speed.


BOTTLED BERNOULLI

Put a small cylinder of wood dowel, or just a little pellet of compressed crumpled paper, in the neck of long-necked wine bottle (claret or Bordeaux type), held horizontally. Now blow directly into the bottle, trying to blow the pellet back into the bottle. Surprisingly, the piece of wood is simply blown out towards you. What is going on here? You won’t be surprised to learn that this party trick relies on science similar to that of the pop-up piston. If you had the top of the bottle inserted into a board and blew from the side parallel to the board rather than directly in, you would have a similar arrangement.



This may seem to run counter to common sense. However, you can understand it by noting that only a lowering of pressure will allow the airstream to accelerate through the constriction. What can accelerate it? Only a pressure gradient, which must go from high (before) to low (in the restriction) in order to make the air flow faster through the restriction.

Let’s put in some numbers. If a pipe with air flowing at 1 m s-1 (2 mph) has a constriction that changes the diameter of the pipe from 10 mm to 3 mm, then the air will speed up to 11 m s-1 (22 mph). What pressure drop would there be in the constriction? The answer is 80 Pa, or around 1 millibar, a thousandth of an atmosphere.

That doesn’t sound like a lot, but it’s the pressure you might get from a small electric fan. And remember that atmospheric pressure is 1 kg/cm2 or 15 pounds per square inch. So a light piece of wood or a Ping-Pong ball weighing 16 g and having an area of 8 cm2 could easily be propelled upward by a pressure of only 2 millibars.


DANIEL BERNOULLI AND GIOVANNI VENTURI

Giovanni Battista Venturi (1746–1822) was an Italian physicist, who was based in Modena in northern Italy for much of his life. He popularized the scientific work of Leonardo Da Vinci. Daniel Bernoulli (1700–1782) was a Dutch-Swiss scientist from a family of scientific and mathematical savants. As well as fluid flow and the physics of gases, he studied statistics as it applies to finance and also to medicine, carrying out a study on the effectiveness of the then very new medical science of vaccination.



However, this is not the whole story. I hope that you saw in playing around with the pop-up piston that unless the cylinder has a base, the device does not work. If it were simply blowing along the wood past the piston that produced low pressure, then the piston should move upward even if there is no base.

What actually causes the Bernoulli effect here is, in fact, not the reduced pressure at the whole area of the hole over which the air flows, but rather air flowing into the annular gap around the piston or ball. Air flows past the piston, losing pressure as it accelerates, then stops in the base area. And when air stops, Mr. Bernoulli tells us, pressure rises. So as air flows past the ball or piston, it reaches a low pressure, but this low pressure doesn’t do anything—it is acting on the sides, not on the base of the piston, so it doesn’t push it anywhere. It is the high pressure formed at the back of the piston when the air stops there that actually pushes it up and out of the hole. The high pressure at the back won’t work, of course, if the bottom of the cylinder is open—which is why we needed to block it off with the desktop or with paper to get the effect to work.

There are also some effects due to the mass of the piston that need to be taken into account. The forces discussed above might not continue to apply as the piston exits the cylinder, but once the piston starts to move, it will go on moving, and its momentum will carry the piston through a fraction of a second when it might not be actually in the process of being pushed.

Lastly, we need to explain why supporting the piston a little above the base aids the action of the device. If the piston sits above the base, then there is a high-pressure reservoir below it from which to propel the piston once it begins to move, thus making the device work a little more easily.

And Finally . . .

Could you offer a clincher to the explanation of how the pop-up piston works? For example, could you make a very close fitting piston, so that air definitely could not go down the annular gap around it?

Could you get a powerful air blower, like a hairdryer, to operate the device continuously and then measure the pull-up force on the ball or piston with a force sensor such as electronic kitchen scales? Or would it be easier simply to use pistons of increasingly heavier weights until it they no longer rise in the air stream? And how would you measure the speed of the airstream coming from your blower?

[image: Image]
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Tim Rowett and his colleagues at Grand Illusions offer a nice version of a pop-up piston and cylinder, made in a different form, which they call a “Raketti.”





3. THE RAPID-FIRE VACUUM BAZOOKA—FIRE PROJECTILES OR CLEAN THE FLOOR



Little boys

Should not be given dangerous toys.

Hilaire Belloc, George

The Vacuum Bazooka now seems to be in use around the globe. Lurking in the back rooms of physics and engineering departments in the farthest flung corners of our world, you can find assemblies of pipes, fittings, and assorted parts of vacuum cleaners pulled from their regular duties and redeployed to fire all manner of small projectiles, and aimed at targets of an even more diverse range. Bull’s eyes, bowling pins, metal foil sheets, light gates—just about any target will do. When it comes to rapid-fire capabilities, however, the Vacuum Bazooka could do with some improvement .

Unlike more conventional guns, the VB does not put high pressure behind its projectile but instead employs a partial vacuum in front. The atmosphere around us has a pressure that depends upon our elevation above sea level and the weather, but is around 1 kilogram per square centimeter (or 15 pounds per square inch). This is a substantial pressure, and it is the reason why vacuum actuated devices can be surprisingly effective. In the early days of the Industrial Revolution, factories like those of Boulton and Watt in Birmingham used a cornucopia of vacuum-actuated power tools. These systems involved routing a vacuum tube around the workshops and using piston and cylinder arrangements to punch holes, forge brass and iron parts, bend tubes, bend sheets of metal, and so forth. A large steam engine connected to a vacuum pump was the prime mover. Even today, vacuum power still operates quite a few devices. The most ubiquitous—most of us use it every day—is the braking system of our cars. Brakes are driven only partly by the force of our foot on the hydraulic master cylinder underneath the footpedal. Most of the work is actually done by the action of a servo, a kind of pneumatic amplifier, which is in turn driven by a partial vacuum generated in the air intake of the petrol or diesel engine.

What You Need


A vacuum cleaner—preferably the sort that just sucks at the carpet, not the upright beats-as-it-sweeps variety

40 mm (1¾") tubing

A T-piece

A round rod of lightweight wood: for example, dowels or rods of pine or balsa wood to make cylindrical projectiles that fit inside the tubing

A rigid sheet, e.g., plastic plate or polystyrene (PS) of the kind used for display stands, or plywood, about 4–6 mm (3/16"–1/4") thick

Polyethylene (PE) sheet plastic, 0.25 mm (0.01") or so thick

Duct tape

A stick, e.g., bamboo, 20 mm (3/4") in diameter



What You Do

You need to find a round wooden rod with a diameter about a millimeter less than the diameter of the plastic tubing. You don’t need a much better fit than that. The tubing won’t be perfectly round, so you may find that a bullet that fits too well, although moving freely when it’s tested at each end, will jam at some point in the barrel. Cut pieces no shorter than a diameter or so—shorter lengths could shift sideways and jam—and no longer that four diameters or so. The longer your bullets, the fewer will fit in the loading zone of the barrel.

The tubing must be cut to suitable lengths, one piece on the side arm of the T-piece and then the barrel tube. The barrel tube must be drilled, as shown, between the loading and the acceleration zones. The length of this drilled section will determine how many shots you can fire in a burst.

Our T-piece muzzle assembly is more complex than that for the original Vacuum Bazooka, where a simple piece of paper is placed over the T-piece as part of the loading procedure. The PS plastic sheet or plywood is drilled and glued firmly to the muzzle part of the T-piece to form the muzzle plate. The thin PE sheet is then attached flat onto the muzzle plate, so as to form a readily lifted flap, though one which has a tendency, perhaps aided by gravity, to spring back to its initial position. You could just rely on the flexibility of the flap. Duct tape used as a slightly springy hinge works fairly well, at least for a while, but there may be better solutions involving springs made of very thin piano wire, for example. You are nearly ready now, all you need is a vacuum cleaner. With luck, you will find that you can simply duct-tape the vacuum cleaner hose directly onto the side arm of the VB. If there is a serious mismatch in diameters, you may need to stuff sponge rubber or the like into the joint, or wrap it with something more substantial—unless simply adding more tape does the job.

[image: Image]

Now give your VB a test firing with single shots. It will be easier to get the hang of the vacuum bazooka if you work with an assistant. Line up the barrel at a suitably unbreakable target. (Your Venetian chandelier or your kid brother are probably not as suitable as a sheet of cloth with a bull’s-eye drawn on it.)


Hazard Warning

Don’t get your eyes near that barrel—and don’t let anyone else’s eyes near it either. With a good vacuum pressure, when you get everything right, these projectiles will really FLY. You have been warned.



Now switch on the vacuum cleaner, put a projectile in the back, and edge it up to the end of the drilled holes with the stick. Your assistant could do this while you aim. You should find that as the last hole is blocked off by the projectile, the flap on the T-piece is pulled down hard by atmospheric pressure onto the muzzle plate. A fraction of a second later the vacuum pressure builds and WHOOSH, off goes the projectile.

The modus operandi of the Vacuum Bazooka is that the flap allows the building of a good vacuum pressure, but it is light and hence doesn’t stop a fast-moving projectile from getting past it. It acts, if you like, as a selective valve, allowing projectiles to go from inside to outside, while preventing air from the atmosphere from entering from outside.

Once you are happy with the VB’s behavior on single shots, it is time to test out its rapid-fire capability. Push a whole row of ammunition down the tube through the drilled area with the stick. The art of getting good muzzle velocity for all of a set of projectiles is to push steadily so that they are sucked away one at a time at intervals of a second or so. Again, you will find this easier to test out with the aid of an assistant bombardier. The small time interval between projectiles allows the vacuum pressure to build up.

Now you can set up the VB properly. Fix the barrel—maybe just tape it to a dining chair or something—so that you get a consistent aim. Try optimizing your vacuum cleaner. You can often get more pressure and flow by removing the dust-collecting bag and cleaning the filter if there is one. Similarly, in bagless cleaners, cleaning or removing the filter entirely will often help. A vacuum accumulator may help as well. Try including a length of pipe, of a larger diameter if possible, between the T-piece and the hose to the vacuum cleaner.

How consistent are the successive shots of the rapid-fire Vacuum Bazooka? A target sheet of paper may help in measuring shot distribution. Try setting up the VB in your backyard and checking out its range. How far can shots go, and what kind of angle gives you the maximum range? With longer shots, you will see the cylindrical projectiles tumbling. What if you change their shape? What about adding small fins—they will have to fit within the barrel diameter—to stabilize them? What about bullets of different lengths—how well do they travel? And how do bullets of balsa wood and pine wood compare?

You may find that the flap is being beaten up by the projectiles too much, only lasting a few shots. Try a different—not necessarily thicker—material. I have found that even tough paper—that plastic-reinforced fibrous stuff you find in some mailing envelopes, for example—can work just as well as quite thick plastic sheet or film.

Just occasionally, you may find that two projectiles go out simultaneously, fired at lower than normal speed. What may be happening is that air is failing to push rapidly enough into the gap between the projectiles in the barrel tube. With wood cylinders cut slightly inaccurately by hand, and with rounded corners, this doesn’t happen, but you may find it happens with cylinders cut very precisely with a circular saw. The cure is simple—cut each one just a few degrees off vertical, or round off the fronts and/or backs of the projectiles a little.

How It Works: The Science behind the Vacuum Bazooka

The Vacuum Bazooka relies on the flap to produce a reasonable degree of vacuum pressure. Without that flap, it wouldn’t work at all, because the air rushing into the muzzle would raise the pressure so near to atmospheric that the projectile would not budge. However, the flap is also a problem. It will certainly will slow down the projectile—and for that reason it needs to be as light as possible—and it can be destroyed by the impact of the projectile.

The action of the flap on the Vacuum Bazooka is helped by the fact that the vacuum created by the vacuum cleaner is very far from perfect. A good vacuum cleaner will give a pressure of –200 mbars (–3 psi) relative to atmospheric pressure: it removes only 20 percent of the atmosphere. This means that, as the projectile rushes down the barrel, it will compress at least a little air in the top of the T-piece, forming a small buffer of compressed air. It may be that this puff of compressed air preceding the projectile is what pushes the flap open, so that the projectile may not touch the flap at all. At the least, the compressed air begins the flap moving, so that the projectile doesn’t hit it so hard.

In my previous book Vacuum Bazookas, you will find the Vacuum Bazooka Equation, which tells you how fast you might get your projectile to go. My analysis there shows that you can get a projectile of density ρ and length z to fly out the end of a barrel of length L with velocity Vm:

Vm = [image: Image](L P / ρ z).

Let’s put some numbers in. With a 1.5 m (5') long barrel, vacuum pressure of 200 mbar (3 psi), a projectile 4 cm (1½") in length of softwood of density 500 kg/ m3 (half that of water), the theoretical maximum is nearly 40 m s-1 (80 mph). The square root is on the whole equation, which tells you that it would not be easy to make a much better bazooka. To make the projectile twice as fast, you’d have to change something in the formula by a factor of four.

Looking at the equation it would seem, on the face of it, that you should use the maximum length of barrel possible. Increase the barrel from 1.5 to 6 m and you would double projectile speed. But there are other effects to consider: like friction sliding along the barrel, and loss of vacuum pressure as the projectile moves and squeezes the large volume of air in such a long barrel.

You might expect to find that shorter bullets would fly faster, since their muzzle velocity will be higher. But this ignores the smaller effect that air drag has on the larger bullets. As the larger ones travel through the air they have no more frontal area than the smaller ones, at least if they don’t tumble. With more kinetic energy, they won’t lose speed so fast and will fly further.

Density is the other effect. If you try out balsa-wood projectiles, or Ping-Pong balls, which are even lighter, they will clearly start fast but slow down quickly once they leave the barrel. With denser projectiles you also have problems. A projectile made of solid lead might not move at all, but if it did it would fly out of the muzzle so slowly that it wouldn’t get far.

And Finally . . .

Can you improve the survivability of the muzzle flap and at the same time improve the VB’s power by a modification near the muzzle? What about, for example, adding a short length of tubing between the T-piece and the muzzle. This will store up a little air that can be compressed by the approaching projectile to flip open the muzzle flap. But will it slow down the projectile too much?

If you have a suitable pressure gauge, check how much pressure your vacuum cleaner gives, and whether this changes much during firing. If you don’t have a pressure gauge, why not make a manometer? A simple U-tube of clear tubing filled with colored water would serve the purpose. The only snag is that a simple manometer will need to be very tall (2 m at least) to prevent the vacuum from sucking up the manometer fluid. An alternative to this is to use two or three identical manometers in series. The reading you take can be just one of them, or, ideally, the average of the three.

What about measuring the projectile speed? Light gates are a popular means of measurement, since they don’t affect the motion of the object being measured. Two of these can often be connected to an electronic stopwatch, one for start, one for stop. Measure the spacing between them, divide by the time recorded, and you have the speed. If you have access to an oscilloscope with a storage feature, you could do something even simpler like putting an infrared photodiode and an infrared-emitting diode—a black LED—break-beam arrangement across the muzzle and measuring the length of the beam-break using the single-shot facility on the scope. You don’t necessarily need a traditional oscilloscope, by the way. Most of the PC-based oscilloscopes that plug into your computer have a storage and one-shot facility.
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4. SINGLE-BLADE PROPELLERS—VENETIAN GONDOLAS



We’re called gondolieri

But that’s a vagary

It’s quite honorary

The trade that we ply

For gallantry noted

Since we were short-coated

To beauty devoted

Guiseppe and I—

Gilbert & Sullivan, “The Gondoliers”

Venetian gondolas are propelled by the swirling action of a single oar at the back of the boat. Most boats, however, are pushed along by a propeller, and fitting this form of propulsion onto the vessels presents a problem: you have to have a hole below the water line for the driveshaft to go through. This breach in the hull tends to leak water back into the boat, which is bad per se, and to put icing on the cake, you get the motor full of water too, which isn’t too good for the high-voltage ignition circuit. You can drive the propeller via a long driveshaft enclosed in a long tube that slopes upward so that it goes above the waterline before it gets to the motor. But this calls for a long thin boat, and you can end up with the motor somewhere in the bows of the boat! Or, for a similar effect, you could build yourself something like the lethal-looking contraption you see used on rivers and lakes in Southeast Asia, a huge motor mounted on a massively extended tiller arrangement—but that has serious problems too.

So what about a propeller mounted on a shaft that is entirely above the waterline, so that it only allows the blade tips to dip into the water? Very easy to fit, no possibility of leaks, weeds won’t get tangled in it, so give it an A+ for convenience. But convenience counts for little if the idea doesn’t actually work. Fortunately, it does!

You can position a propeller with its horizontal axis above the waterline, and it actually works rather well. You need to ensure that a reasonable amount of the blade will actually dip into the water. I have tried the system with both one and two blades. You can’t use more than about three blades if you want only one blade in the water at a time and want a decent length of that blade in the water. But you don’t actually need more than one blade, and in a lot of ways the system works best with just one.

Venetian gondoliers also use a kind of single-blade propulsion system. Look carefully at the way the oar is manipulated. The gondolier’s technique is a rowing style generally known as sculling, which refers to any of several different ways of rowing using a single oar on the back of a boat and gliding it through the water sideways rather than pushing it backwards. The paddle acts as an airfoil to generate lift, the lift being, in this case, a forward force. The gondolier doesn’t use the paddle as a kind bucket-on-a-stick to throw water backwards, which how conventional oars work. Crudely speaking, all methods of sculling involve twisting the paddle on its axis while pushing it around. When you next find yourself in a row-boat, try sculling with one of the oars or paddles provided.

There is a school of thought that says you need to have a rowlock at the stern, or at least a notch or piece of the transom projecting upwards, so that you have something to lean against when you are sculling. And you probably need to stand up—at least that is my opinion as an amateur. Other than that, there seem to be many different styles of sculling, with circular or S-shaped motions both apparently possible. And there are many different sculling paddles, too.

What You Need


A boat hull, e.g., a plastic toy boat, 500 mm (18") long

An electric motor with 6:1 or 10:1 (or so) reduction transmission gearwheels

Batteries, a battery box, wires, etc.

A propeller of the toy airplane sort, about 150 mm (6") in diameter

Wood, hot-melt glue




SINGLE-BLADE PROPELLERS

A propeller with a single blade sounds rather odd, and you might expect that it would suffer from severe vibration and intermittent thrust. But in fact you can counterbalance the weight of the single blade, and we are used to intermittent thrust in boats from oars and paddles.

Single-blade propellers are in use to a limited extent, not for boats, but rather—believe it not—for aircraft! When I was a teenager, there was a fashion for single-bladed model airplanes driven by twisted rubber bands. They used one blade that turned at a very low rpm while the plane climbed, and then would fold automatically to allow it to glide smoothly and efficiently once the high-grade elastic ran out of twist.

For similar reasons, some very high-spec sailplanes use a single-blade propeller. These planes spend most of their time operating as unpowered gliders. However, when upward thermal currents fail, and there is a danger that the pilot may be stranded and unable to get back to an airfield, a turbo can be activated. This is a small engine on a pod that folds out from the fuselage and provides a small amount of forward propulsion. The highly efficient sailplane wings can then convert that minimal power into lift and allow the pilot a safe passage home. The turbo units must fold back into the fuselage when the sailplane is gliding, however, and this is where the single blade comes into its own. By stopping the blade at the right part of its arc, you can fold the engine pod and propeller back behind a small hatch that is no longer than the stalk on the pod.



What You Do

I used the plastic hull of a fairly large toy boat, the sort that are sometimes sold for a low price in stores and shacks on the beach. Make the necessary cut-outs and modifications along the lines shown to fit the motor and its propeller or paddle onto the back of the hull. You can ensure that the boat is reasonably well-balanced by positioning the batteries carefully.

To make the propeller I found it simplest to start with a plastic airplane propeller. Remove the blades carefully from the hub. Then glue one of the blades back on the hub, but with its airfoil not at 90 degrees to the rotation axis, but at 45 degrees or less. You will find that a lot of hot glue will help to build up the hub and reinforce the connection to the blade. Otherwise, you could fabricate your own paddle out of balsa wood. The motor should be mounted so that only half or less of the blade gets into the water. That way, if there should be the odd wave or two on the water, the motor won’t get wet. Also, use a fairly low reduction ratio in the transmission on the motor: you don’t want to overload the motor.
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The motor axis also needs to be offset from the beam of the boat. If the axis is along the beam, the boat will tend to turn, due to the paddle-wheel effect. If you imagine for a moment that your propeller blades are just round rods, then it is clear that the stern of the boat will be pushed sideways. Try to ensure that you will be able to relocate the motor at different distances from the axis of the boat until you find a position that allows it to sail in a reasonably straight line.

By locating the axis off to one side, straight-ahead movement becomes possible. This is much like the Venetian gondola, which has as a rowlock a large wooden arm that projects out from the right-hand side of the rear of the boat. It is at least 500 mm (18") off the axis. Another option would be to locate the motor on the beam, but to offset its axis at 15 degrees or so to the beam, which achieves a similar effect.

We can consider the paddle-wheel effect by analogy with an airplane wing. The effect arises because the paddle airfoil produces both lift (forward thrust for us), which is the desired effect. However, even the best airfoil produces an undesirable side effect, namely drag, which becomes sideways force, or the paddle-wheel effect on our boat.

Once reassembled with its new propulsion system, the boat is ready to try out in a handy small tank of water. It is best to try it out at home in the bathtub, in a kiddie pool, or in a swimming pool if you have one. Once proven, you could venture out onto larger bodies of water. The off-axis drive should give the boat a reasonably straight course. The rudder supplied with the boat should prove sufficient to straighten out any residual tendency for the boat to turn. If not, then move the motor more or less off axis, to reduce the turning effect.

How It Works: The Science behind Single-Blade Propellers

The use of a paddle like an airfoil offers important improvements in efficiency over the use of a paddle in the more conventional batting-the-water-backwards mode. Paddles used to push water in front of them (like the oars on a standard rowboat) create all kinds of turbulent eddies as you sweep them through the water, which wastes energy. The force on an object sweeping through a fluid is usually considered to consist of two separate component forces: the drag force acting against the direction of the motion, and the lift force acting at right angles. An efficient airfoil (or more correctly hydrofoil) section operated at the correct angle of attack will give ten times or more lift than drag. Paddles use, in effect, the drag force on the paddle blade. A propeller blade moving sideways is using the lift force from its airfoil shape. A paddle or propeller swept sideways through the water creates only a minor vortex or eddy at its tip, and will be much more efficient. It produces a smoothly moving, minimally turbulent column of water underneath it. This moving column of water is of course the source of the lift force. Isaac Newton long ago explained that mass and the speed of water pushed backwards translates directly into a forward force.

The same principles explain why the paddle-steamers of the Victorian era died out and were replaced by screw-driven ships. The British Royal Navy famously proved the point when it staged a tug-of-war between two full-size ships: a paddle-steamer called the Alecto ended up being dragged backwards by the screw-driven Rattler.

Now that you have seen how a boat may be driven in a straight line by an off-axis propulsion system, you won’t be surprised to learn that the boat itself doesn’t need to be symmetrical. Like most people, I thought gondolas were bilaterally symmetrical. However, when I looked carefully at a few examples in Venice, I noticed that they are all slightly banana-shaped. Over their 11 m (35 foot) length there is a difference in the sides of 20 or 30 cm (1 foot).

The standard screw propeller and system described here are not the only possible systems that will drive a boat through water using efficient lift rather than inefficient drag. An Austrian engineer, Ernst Schneider, came up with a system of blades sticking down from a horizontal platen underneath a ship. As the round platen rotates, the blades change angle relative to the tangential direction, so that they spend at least 50 percent of their time slicing through the water either left to right or right to left, with lift force always to the rear (unless the coxswain turns his control to produce reverse or side thrust). The Schneider system makes a ship highly maneuverable and is used particularly in tugboats.

And Finally . . .

There is another way of achieving airfoil propulsion, which has some of the charm—and less of the inefficiency—of the old-time paddle-steamers. This is to mount a large multi-bladed wheel in the middle of the boat. Instead of mounting the wheel with its axle at right angles to the axis of the boat, however, the wheel is mounted with its axle parallel with the boat axis. The diagram shows the arrangement. I used a large air fan, which I removed from its original mains motor and powered with a reduction drive from a DC motor. It has a fairly large pitch, so it doesn’t need to rotate particularly fast to provide a very curious-looking sort of propulsion.

You might like to have a go at a twin-motor version of the single-blade propeller system. This can, by using counter-rotating motors, eliminate the paddle-wheel effect. A twin-motor version will work pretty well if the paddles hit the water when they like. But if you link them together mechanically so that they alternate, you will have a rough-and-ready approximation of the Venetian gondolier’s technique. And linking them like that might improve the efficiency as well, since the blades will be traveling through less disturbed water.
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Shows the principles of the orbiting, or cycloidal, hydrofoil propulsion system, as offered today by Voith and Schneider.





5. SODA MINT FOUNTAINS—THIRST FOR KNOWLEDGE AND WATER QUENCHED AT ONCE



Oh, the buzzin’ of the bees in the peppermint trees

‘Round the soda water fountains

Where the lemonade springs and the bluebird sings

In the Big Rock Candy Mountains.

Twentieth century—one of many versions—
from an anonymous 1685 original titled
“An Invitation to Lubberland”

In Africa, in the volcanic district of Cameroon, there is a crater lake, Lake Nyos, that is continuously saturated with carbon dioxide bubbling up from underwater fissures. Periodically, the lake boils, with a massive release of CO2 gas suddenly seething at its surface. This is highly dangerous for the inhabitants along the lake’s shore because of the toxic nature of high levels of CO2. Tragically, releases of gas have several times been large enough to kill hundreds of people.

The way this seems to happen is as follows: something, perhaps changes in ambient temperature or wind, create a vertical current within the water. CO2-laden lower waters are brought to the surface by the vertical current, and this sets off the disaster. When CO2 is dissolved in deep water, it is stable by virtue of the high hydrostatic pressure at that depth. When brought to the surface, however, that same water is now supersaturated. The slightest nucleation source—just dust or something similar in the water—is sufficient to cause some gas to bubble out, and once bubbling begins, the bubbles gather more gas from the surrounding supersaturated water, and soon most of the super part of the supersaturated solution is lost to the bubbles.


[image: Image]

Only a few thousand people live near the relatively small Lake Nyos. However, on the nearby Congo-Rwanda border there is a much larger lake—one of the African Great Lakes—Lake Kivu. Carbon dioxide levels are high in Kivu, and it may be that preventive measures will one day have to be taken to protect the lives of the two million people who live on its shores.

One such measure is now being tested at Nyos. A huge tube has been built in the lake, which siphons saturated water from the bottom of the lake to the top, continuously releasing CO2 in relatively small quantities so as to avoid future disasters. The tube fountains water out of the lake quite spectacularly—a free fountain. Our project here does not present quite the same level of danger. You might get soaked in diet soda, however, and it isn’t free! Your fountain will cost you a lot of soda and quite a few mint candies.

What You Need


Diet soda drink in 2 liter bottles (get the cheapest variety—you will need lots)

White mint hard candies (Mentos or British Mint Imperials work well)

A plastic tube wide enough that the mints will slide through

A restricting ring for the bottle



What You Do

I think that it helps to use relatively cool soda (but see the notes below). So the first thing you need to do after you buy the soda is to cool it at least a little in the refrigerator.

Now set up a flat board (a stable base for the bottle) in your backyard, and put on clothes that you don’t mind getting wet. Alternatively, in warm weather, remove clothes that you don’t want to get wet. Now unscrew the cap carefully from the soda and place the soda bottle in the middle of the board. Load your mints into the plastic tube, keeping a finger over the end to retain them. Hold the tube over the neck, then remove your blocking finger so that the mints fall into the bottle in one continuous row. Whoosh!


You should be able to get fountains up to 3 or 4 m (6' to 10') high. The art of getting a good fountain from this simple gear is simply to ensure that the mints get into the bottle quickly enough that foaming only starts after all the mints are well into the soda.

Try more or fewer mints—what are the effects? What about breaking the mints into halves, or crushing them into even smaller pieces?

The basic reason why the soda mint fountain works is that a saturated solution of CO2 in water—a solution that is in equilibrium—contains relatively little of the gas. The much larger amount of CO2 in soda, however, is only stable in solution in the bottle at high pressure, typically around 3 or 4 bar (45–60 psig). As soon as the internal pressure in the bottle is reduced to atmospheric pressure, the CO2 gas will try to bubble out—the solution of gas is what we call supersaturated. Once formed, bubbles can quickly grow, and large bubbles will grow very quickly in the supersaturated solution.

Now, what do the mints add to this picture? Nucleation of the gas bubbles of carbon dioxide is the basic mechanism of the effect. To escape, the gas has to form bubbles, and unless a small bubble has a lot of pressure inside it, more than a certain critical pressure, the surface tension of the liquid collapses it. The surface of a solid like the mints provides a place where a larger bubble—large enough so that this critical pressure is low—can form. Bubbles will form on it and then float up through the liquid. The solid is said to nucleate bubbles.

Try hotter and colder drink temperatures. You can try soda bottles stored in the refrigerator (maybe even the freezer, if you ensure that the liquid doesn’t freeze). You can try warming the bottles up by immersing them in hot water for a while. At higher temperatures, nucleation will take place faster. But at lower temperatures, less CO2 gas will escape when you unscrew the top of the bottle. Try adding liquid soap with the mints. This will cause foam, which will be interesting, and might get a higher fountain effect.

How It Works: The Science behind Soda Mint Fountains

The nucleation of gases from liquids is an important and well-studied phenomenon. Collier and Thome (1994) study nucleation in a boiling liquid, which is another place we come across the phenomenon. If you heat clean water in a clean kettle, it will usually only boil when it is a degree or two higher than its boiling point. What is happening here is that vapor—steam—is trying to form bubbles in the water, but can’t. People have occasionally had mishaps with microwave ovens in this way. Adding a spoon, perhaps with sugar, to a superheated cup of water straight from the microwave oven can stimulate an almost explosive fountain of steam and very hot water from the cup. Corners on the thousands of sugar crystals or even just crevices and scratches on the spoon act as nucleation sites to produce a stream of steam bubbles, and these grow almost instantly to huge size. It works just like the supersaturated carbon dioxide bubbling out of the soda in our fountain.


The simplest way to understand supersaturation is to consider the pressure (P) inside a spherical bubble of radius ([image: image]) versus the surface tension ([image: image]) required to keep it in existence:

P = 2 [image: image]/ [image: image].

In other words, small bubbles with small values of radius must be at a much higher pressure than larger bubbles. The overpressure to form a very large bubble is almost zero—such a large bubble will be at atmospheric pressure. For a small bubble, (small [image: image]), the pressure needed inside the bubble is large—otherwise it will collapse. But a bubble forms by the random motion of molecules in the liquid, and these random motions will not form proto-bubbles much bigger than a few molecules across—which makes the [image: image] just a few nanometers and the pressure enormous.

So a liquid like soda can exist quite happily with huge amounts of gas like carbon dioxide in it, far more than is the equilibrium amount normally dissolved in it. The gas can’t escape because it can’t form a bubble.

However, once a bubble of a decent size has formed—even a matter of a tiny fraction of a millimeter in radius, the pressure of gas can easily exceed the surface tension force, and the bubble will survive. And that bubble, before it floats up through the liquid, can recruit a lot of gas from the surrounding liquid and expand rapidly.

Add pieces of a solid material to a supersaturated liquid—especially lots of small angular pieces of solid—and bubbles of a larger size than nanometers can be prefabricated on this solid. Bubbles will form on it and then float up through the liquid. The solid is said to nucleate bubbles. With a large amount of supersaturation, the liquid can look as if it is boiling almost explosively, which is what we see in this demonstration.

There are other factors, of course. The hydrostatic pressure at the bottom of the soda bottle is higher than at the top. But not by much, just 100 mbar per m (1.5 psi in every three feet). A spectacular and disastrous example of the problem of dissolved gases is of course the carbon dioxide release that we have described at Lake Nyos. Here the depth involved (200 m [650 feet]) is large enough to give 20 bar pressure (300 psi), which then becomes a much bigger factor. When the saturated water is brought to the surface of the lake, a very large amount of gas wants to bubble out. Just stirring the lake waters will result in gas release.


And Finally . . .

Try restricting the neck of the soda bottle slightly. I used plastic rings, 1 to 3 mm wall thickness, which were a tight fit in the bottle’s neck. There is a tricky compromise here: obviously, if you make the neck too small, then the mints won’t drop freely into the soda. But if you don’t make the neck small enough, then the jet of soda released won’t accelerate as much and won’t go as high. Also, with too small a neck the jet of soda will be at high pressure but won’t be bulky enough to get to a good height. Get it just right, though, and you should be able to wow your audience with a spectacular jet of soda shooting several meters (10 to 15 feet) up into the air.

What about freezing the mints into ice cubes, and then putting them into a small soda bottle? When the ice finally melts to reveal the mint, nucleation should start and rapidly generate gas as before, producing a fountain. Again, putting a restrictor in the neck may help to increase the height of the fountain. And if that doesn’t work, you can serve the cubes with lemonade, for an authentic soda mint taste!
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6. THE ARMOR-PLATED SANDCASTLE—GAS AND SAND COMBINE



Qui donc peut calculer le trajet d’une molécule? Que savons-nous si des créations de mondes ne sont point déterminées par des chutes de grains de sable?

Who, then, can calculate the course of a molecule? How do we know that the creation of worlds is not determined by the fall of grains of sand?

Victor Hugo, Les Miserables

Sandcastles are famously ephemeral buildings. On the tidal beaches of the Atlantic and Pacific, a sandcastle has only a few hours—at most half a day—before the tide returns to claim it. Which doesn’t mean they aren’t a lot of fun. You can install hydraulic works like tiny rivers to feed the moat or castle duck-pond, or add decorative features made from molded sand or seashells—there are lots of options to explore.

In addition to the tide problem, however, sandcastles suffer from a rather basic lack of strength in the material department. Adding the right amount of water helps. But you have to watch the amount: too much and you have mud, too little and your castle will end up looking like a conical anthill. Even with the water just right, however, it may not work. By adding other sorts of dirt—fine silt or clay-like material—you can get the sand to mold a lot better, well enough to construct tricky features like arches. The silt or other fine material, combined with water, acts as a kind of temporary glue to stop the sand grains from slipping on each other.

Now, water may look like an unlikely glue. But in this experiment we are going to use an even more unlikely glue. We are going to use a gas to strengthen a sand-castle. It won’t be strengthened quite up to concrete level, but it will be strengthened. How on earth can you use a gas to do that?

What You Need


Sand

Sodium silicate (water glass)

Water

Rubber gloves

Sand molds, small sandcastle bucket

A mixing tray

A carbonating tray (see text)

A large, ideally clear, plastic bag

Carbon dioxide, e.g., from a home soda machine (Soda Stream or the like)



What You Do

Dry the sand out, at least roughly. You could use wet sand, but it would dilute the water glass by an unknown amount, and you might end up with a mixture that doesn’t mold nicely. I think the easiest way, if it’s not raining out, is to spread the sand a few millimeters thick on clean concrete or stone slabs. Then, if the water glass is the high-strength solution, dilute it a little, perhaps as much as 50/50 with water. The exact proportion will vary with ingredients, but note down what you do so that you can do it again the same way when it works.

Now don your gloves, and mix dry sand with a sufficient amount of the water-glass/water mix to make a moldable consistency building material.

Once it’s thoroughly mixed and kneaded, you can mold articles—such as a small sandcastle using your small sandcastle bucket and other molds. Carefully make these and place them in a high-sided tray, ideally one that is big enough that your molded objects can be accommodated easily. Now, fit the thin rubber tube onto the carbonating lance inside the soda machine, and run the other end of the tube into the tray. Put the tray inside the large plastic bag, patting it down to exclude air except from the volume in the tray, and taping the open end around the tubing to form a seal. Next, open the carbon dioxide valve and fill the bag until it bulges to at least twice the volume of the tray, and then seal up the bag by folding it, or perhaps using tape or a rubber band, so that the gas can’t escape.

[image: Image]

After ten minutes, you may begin to see hints of a slight whitish deposit on the surface of the sand. This is the sign that the surface crust has begun to harden. At this point, you can poke the sand to see if it has set, perhaps without even unsealing the bag. You may find that the little sandcastle is already surprisingly strong.

If you accidentally break the sandcastle, you will note that a crust, already 3 or 4 mm thick, has formed in the sand. The importance of not having too wet a mixture is now clear: with a slightly dry mix, the sand will be sufficiently porous for the CO2 to penetrate, hardening the whole bulk of the sand, or at least the first 6 or 10 mm, and not just the surface crust.

After a much longer exposure to gas, the strengthening should progress to a greater depth within the sand structure. However, the most surprising effect is obtained in just the first minute or two, when it’s quite easy to tell that the surface has been considerably hardened.

How It Works: The Science behind Armor-Plated Sandcastles

The sandcastles, once thoroughly dosed with carbon dioxide, are held together with a kind of silica gel, the same substance that you find in little bags keeping moisture from condensing inside stuff while it is transported. The gel has actually been formed between the grains of sand, binding them together. Although it is a little brittle, silica gel is strong enough to bond the grains of sand quite firmly together.

Na2SiO3 + nH2O + CO2 → SiO2•nH2O + Na2CO3

The reaction of water glass, sodium silicate, with carbon dioxide follows a familiar pattern in chemistry, where an acid (the CO2) reacts with an alkali (the sodium silicate) to produce a more neutral salt (sodium carbonate) and a weaker acid (silica gel, SiO2•nH2O). CO2 of course can be considered to be carbonic acid, H2CO3.


CASTING OF MOLTEN METAL IN SAND MOLDS IN FOUNDRIES

For thousands of years, the casting of metals like bronze or iron has been done by pouring molten metal, sometimes at white heat, into molds made of sand. Sand works well because it molds into shape easily, but keeps sufficient integrity to hold the metal while it cools. It is also porous, which allows gases to escape. These gases often include hydrogen and steam as well as air, and they can cause trouble, producing bubbles in the cast metal or even blowing metal out of the mold.

The simplest sandcasting process uses carefully selected or carefully blended mixes of sand and clay, and is used for undemanding work. Adding a little of the right sort of clay to sand allows it to be formed into a surprisingly strong mold with the aid of a wood or metal pattern and without the need for any further treatment, except drying. Molds of all sorts generally need to be dried before casting: otherwise, when the molten metal is poured in, excessive quantities of steam are given off, creating porosity or worse. The pattern, by the way, looks just like the final product of the casting process, except that it is a little bigger. Can you figure out why, and how much bigger?

However, many kinds of metal-casting cannot be done with simple sand molds, but require more complex methods. The sand-silicate-carbon dioxide process is one of the more sophisticated. Other processes use sand with small quantities of phenolic and other resins. Phenolic resin sands, and silicate-set sands are popular where some strength is needed in the mold. For example, even when casting using sand-clay in simple mold-boxes, it is necessary to have cores, specially shaped internal parts that give rise to hollows in the finished cast piece. These cores will only be strong enough to be freestanding if they are made of sand with resin or silicate.



Sodium silicate is used in some unusual cements and paints, where it will set as it loses water and as it reacts with CO2 from the atmosphere. It can also be used to create a chemical garden. To do this you fill a largish jar or small tank with sodium silicate solution and then add small crystals of colored metal salts like potassium permanganate or copper sulfate. The transition metals of chemistry, like iron, manganese, or cobalt, react with the water glass in a curious way, forming long tubes and branched tubular stalagmites of metal silicates in extraordinary colors.

The fact that the sandcastle tends to set easily at the surface and only reluctantly in the middle follows from the fact that the CO2 must diffuse through the bulk of the sand to react. This is why it is important not to add too much liquid to the mixture, so that enough space will remain between grains for the gas to get through. The diffusion process will progress according to a square root law, penetrating twice as far in a time four times as long.

And Finally . . .

What about trying different sizes and shapes of sand granules? Large gritty sand won’t mold fine features, while very fine sand may just fall apart. Beach sand that has been thrown around by a winter storm or two may be the worst choice. Each grain of beach sand is likely to be rounded or even nearly spherical, minimizing its structural qualities. Wh at about sand—perhaps from a builder’s yard—that has been mined from sandstone, perhaps—which is more angular? Or how about a sand that, rather than being mostly grains of all the same size, is composed of a wider range of sizes? Potentially, at least, the small grains could fill in the gaps between the large grains and lock the whole mass together better, also perhaps minimizing the free space between the grains and thus minimizing the amount of silicate needed to bind the sand.

Or what happens when you add other things to the mix? If you read some of the many books or patents on foundry sandmolding (I’m sure you have any number of these on your bookshelf), you will find a wide variety of recipes. Indeed, adding cooking ingredients like sugar is quite popular. These organic materials burn out when molten iron is poured into the mold, and weaken the sand, making it easier to knock the sand cleanly off the casting once the molten metal has cooled—see patent GB745402, for example.
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7. THE RIDDLE OF THE SANDS—WEIRD BUT BEAUTIFUL PATTERNS APPEAR, ALL OF THEIR OWN ACCORD



These sands are intersected here and there by channels, very shallow and winding . . . He put down the helm and headed the yacht straight for the troubled and discoloured expanse which covered the submerged sands. The wind was in our teeth now.

Robert Erskine Childers, The Riddle of the Sands

The unruly behavior of granulated materials is familiar to those in industry who have to deal with them. Ask any chemical engineer what he would rather deal with, a liquid or a solid, and he will tell you that solids are tricky and troublesome in comparison to liquids. They don’t flow neatly like liquids, you can’t pump them (except with very special equipment), they can clump together, and on occasion they can block up the most carefully designed industrial plant. However, flowing granules, and especially mixtures of granules, tricky though they are, are also very interesting, as we will now demonstrate.

What You Need


Two rectangular sheets of clear material, e.g., Lucite, at least 3 mm thick, measuring about 8"–12" × 12"–18" (or one sheet clear, one opaque)

A wooden base, longer than the clear sheets

Wooden sides, longer than the width of the clear sheets

Other wooden parts—spacers and block supports (see diagram on facing page)

Glue

A funnel

A tray

A magnifying glass

A camera for recording patterns

A container, ideally clear, with a lid—for making mixtures of granular materials

Granular materials in different sizes and colors. Each granule between 0.5 mm and 3 mm (0.04" to 0.12") in diameter and fairly round in shape, e.g.:




dry beach sand

couscous

sugar, both regular granulated & superfine

salt

rice (rounder sort preferred)

cracked-wheat seeds

water-softener beads

zeolite granules (a form of dried clay in tiny beads, also sold for water softening and as an industrial catalyst)



What You Do

The assembly you are going to construct is sometimes called a Hele-Shaw Cell.* The first step is to trim your two containing sheets to the same size. They could be both clear, or one clear and the other opaque, ideally white, to show up the granulates as clearly as possible. I favor two clear sheets, so that you have the option of shining a lamp right through the cell. The clear sheets need to be kept 5 or 6 mm (3/16"–1/4") apart with wooden spacers while they are glued onto the base and the side supports. The spacers could be 1/4"dowel rods, or made, for example, by stripping off the tongue from wooden tongue-and-groove floorboards. The base could be made from the main part of a floorboard. The funnel should be taped at one end, ideally so that it pours down the spacer at one end, not directly straight down onto the bottom of the cell, while you should reserve some wood for propping up one end of the cell.

[image: Image]

Once the Hele-Shaw Cell is complete, you are ready to start some experiments. You need to select two (or more) granulated materials that are different in color, let’s call them A and B. Start with a 50/50 mixture of two, maybe couscous and sugar. Now shake them up together. You will probably find that the two materials don’t mix perfectly. No matter how hard you shake, they remain a bit patchy. This is a preview of what’s going to happen in the cell.

Now pour the mixture down the funnel. For the first few seconds the mixture will flow as AB mixture into the bottom of the cell. But then, unless you happen to have chosen two closely similar materials, you will find that the cell will start to separate the granules into stripes of pure A and pure B.

You may find that it helps to prop up one end just 6 or 12 mm (1/4"or 1/2") or so while you run the sand into the cell and then return the cell to the horizontal after you have finished pouring. This ensures that the pattern achieved will freeze and won’t avalanche again.

Another tip relates to humidity. At high humidity levels, the particulates may become sticky (like sugar) or may simply clump together (like fine sand). At low humidity levels electrostatic charges are generated as you pour sand, and these can build up, leaving the sand stuck up on the sides. It might help to make the opaque side of the cell out of metal or anti-static conductive plastic sheeting, although I have never had to do this. You could also simply coat the cell on the inside with a proprietary anti-static treatment. There is a specific treatment made for Lucite, marketed for spectacles and sunglasses with plastic lenses. But it could be that a tiny amount of anti-static laundry treatment would also work.

Try pouring faster or slower to see if it makes any difference to the patterns formed. Take photos of the patterns formed at different flows.

Can you mix A and B more thoroughly to start with? What about a mixture of A, B, and yet another particulate material (C), differing both from A and B? Does it separate into three layers of pure A, B, and C? And in what order: A, B, C, or A, C, B? Maybe you can make a whole rainbow out of sand.

What about a mixture of A and B in which A and B are similar in size, but differ in their shapes? Perhaps A is made of angular particles, while B is made of rounder ones. Maybe A is made of longer particles, B of rounder ones. Or what about a mixture of A and B in which A and B are identical in size and shape, but differ in density?

You may find that certain mixtures don’t separate into stripes, but rather into two large bands, with the larger granules (lower angle of repose) below and further from the feed, and the smaller granules higher and nearer to the feed point. Sometimes this banding effect is combined with the striping effect.

Finally, what happens if there is a very fine powder present, or even a liquid, along with particulate materials A and B? This might increase or decrease the angle of repose, steepening or flattening the heap formed. But are stripes of A and B still formed?

How It Works: The Science behind Heaps of Sand

If you simply pour granules from a container fairly slowly and carefully onto one spot of a flat surface, you will get a conical heap. The angle of repose is the angle to the horizontal that the conical surface of this heap assumes. Very free-flowing, nearly spherical granules will flatten out widely, giving a small angle of repose. Angular particles or those with some degree of stickiness may pile up to produce much steeper cones.

[image: Image]

Try pouring pure A, and then pure B into the cell. Measure the angle of repose. The following table shows the kinds of results to expect—but remember that they depend upon the exact nature of the granules, their average shapes, and their size distribution (the percentage of small, medium, and large particles).



	Inland sand c. 0.5 mm particle size

	35°




	Free-flowing beach sand c. 0.5 mm size

	30°




	Granulated sugar c. 1 mm size

	40°




	Couscous c. 2 mm size

	30°




	Round seeds c. 3 mm size

	20°





Look at a few hundred granules on a sheet of white paper with a magnifying lens, taking note of their size distribution, elongation, and angularity. Take photos of them if you have a camera that will focus close enough (using the magnifying glass if needed). You can then relate different particle shapes and sizes to their different behaviors in the Hele-Shaw cell.

One thing you may notice while pouring such cones is that you don’t get a continuous rolling of the granules down the flanks of the cone. You can momentarily get a higher angle on the heap, but after a few seconds there will be a tiny avalanche and the angle will be reduced back to its proper value.

If you shake up a mixture of two different granulated materials of reasonably similar shape and density but different size, the larger ones will rise to the top. Try putting dried peas in rice, for example, or brazil nuts among peanuts: after enough shaking, you will find the peas on top of the rice, and the brazil nuts on top of the peanuts. The tendency of larger particles to rise is sometimes known as the Brazil nut effect because of the latter example. The main cause of the Brazil nut effect seems to be that when shaken, all the grains jostle up and down. Holes arise in the mass of granules, but these holes are generally small, and small grains drop into them. In this way, small grains go down, and, other things being equal, bigger grains go up, wedged in place by the smaller grains that fill in underneath them.

It is the combination of these three features of heaps of granules: the differing angles of repose, the Brazil nut effect, and avalanches, that is the key to the riddle of the striped sands.

Stripes will form as sand flows down a sloping surface with finer grains tending to sink in the flow, leaving coarser grains on top. Then the flow stops or slows momentarily, and a stripe is frozen with smaller grains at its bottom. Then an avalanche happens, flow resumes, and again finer grains tend to sink, ready to make the next stripe.

Under other conditions, the banding effect occurs, purely due to avalanching. The material (say A) with the higher angle of repose tends to come to rest along the top half of the slope, with grains of the lower-repose-angle material (B) rolling over them and then accumulating along the bottom half of the slope.

And Finally . . .

Modified Hele-Shaw Cells

What about other shapes of cells? The angle to which the granules flow, as we have seen, depends upon the granules. Are there mixtures of granules that need a longer or a higher cell?

What happens if you make a thick cell, with perhaps an inch or two of space between the containing sheets? With another dimension in play, do the granules separate into fingers, into stripes in horizontal planes as we have seen, or into stripes with vertical planes? If you put a binary mixture of granules into a clear horizontal rotating drum, you will, in general see mixing. However, because of the effects we have observed in this experiment, you can also see unmixing into stripes and layers (see the Physics World reference on the next page).

Vibration Cells

What about applying a vibration to the Hele-Shaw cell? Experiments with very nearly full cells that were gently turned upside down repeatedly using a horizontal axle showed a kind of weird ultra-slow motion convection when successive photographs, taken after each inversion. were turned into a video clip. What if instead of a 2 g acceleration reversal every 10 seconds you applied a 2 g acceleration reversal 60 times per second (the same frequency as AC electric current)—would you see a real time convective motion of the sand grains?

Sand Outside of Cells

And what about pouring of granules into conical heaps? Does separation into layers or fingers happen? And what about banding?

When you are next at the seaside on a sandy beach, take a close look at the sand you are walking on, particularly the sea-washed zone that is left as the tide retreats. You may well see more striped sands: stripes of coarser and finer grades of sand.

There are lots of other curious properties of sand and masses of other particulates. Sand dunes—extraordinary structures up to 20 m high and a thousand meters wide—can be formed by a slow but steady trickle of sand grains, carried just a few at a time by wind. Sand dunes can sing—an extraordinary occurrence described by Bagnold and by Walker in the references below. I have described projects that look at some of the peculiarities of sand in my earlier books. For example, in Exploding Disk Cannons there is a project called “Sand Hydraulics,” which looks at how a pile of sand in a cylinder can support and gently lower huge weights.
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*Henry S. Hele-Shaw studied the flow of liquids in thin clear cells. He showed that they move in a way that we now call “laminar flow” or “streamline flow,” and demonstrated how liquids in laminar flow obey relatively simple math formulas. He also invented various components for automobiles and variable-pitch propellers for aircraft.



8. TRICKS OF SIDEWAYS LIGHT—MAGIC MONDRIANS AND INVISIBLE WATCHES



The Cheshire Cat vanished quite slowly, beginning with the end of the tail and ending with the grin, which remained some time after the rest of it had gone.

Lewis Carroll, Alice in Wonderland

It is thought that long ago in the Dark Ages, Viking navigators used enigmatic crystals to help them guide their longboats across the northern oceans. The same polarizing calcite crystals, known as Iceland spar, allowed Christiaan Huygens, the Dutch astronomer, to make the first systematic investigation of polarization in the seventeenth century. Polarization derives from the fact that light can vibrate electromagnetically in the two directions at right angles to the axis along which it travels—just as a vertical string can vibrate in both north-south and east-west horizontal directions. The unaided human eye cannot see the polarization of light, but some other creatures can, including many insects. Bees are able to navigate on cloudy days, guided by the polarized light from the sky, which tells them where the hidden sun is.

The same principle that allowed the Vikings to navigate the ocean is today employed across a vast range of science and technology. It is used to identify minerals, for example, and to help anglers find fish swimming beneath bright reflections on the water. It can be used to detect and measure the concentration of handed molecules in a solution. (A handed molecule is molecule, like natural sugar or sucrose, for example, that is not the same as its mirror image.) Sugar solutions are often measured using polarized light. Polarization, perhaps more importantly, can be used in a very simple way to detect stress visually—via colored fringes—in clear materials like polymers. Models of structures can be made of transparent plastic, then subjected to stress and their properties evaluated. And of course polarization of some kind is the technology behind most 3D movies.

Here we will demonstrate the fundamental role that polarization plays in the operation of the LCD screens used in electronic displays. Our first project involves constructing a secret calculator, a device that you will find handy in a variety of situations. If you are manning a market stall, for example, it will allow you to calculate prices, checking that you are making a healthy profit without alerting your customers to your margins. We will also delve into the secrets of an alternative device, a secret wristwatch that will allow you to discreetly check the time without letting anyone know you’re impatient. And then, finally, we will look at the fine art of polarized light.

What You Need


Polarized sunglasses and/or 3D glasses from a RealD cinema

A bright, small, but cool lamp; e.g., the compact fluorescent type

A calculator or watch

Polarized glasses

 

Mondrians

Scotch (or similar) tape

 

Stress Analysis

A Lucite sheet, a ruler, or similar clear plastic, a few millimeters thick

 

Optional

A Polaroid sheet



What You Do

Invisible Calculators and Watches

The first task is to dismantle your watch or calculator. It may be best to start on a calculator—watches present some difficulty because of their small size. Unscrew the casing, and you will probably find that the LCD display assembly can be removed readily, although it may be held down by its own screws. Be careful that the rubber strips on which the LCD unit rests are left in place. These are actually conductive rubber contact strips, connecting the LCD with the electronics. You need to remove the polarizing filter from the front of the LCD assembly. This can typically be done by putting the tip of a sharp craft knife at the corner of the assembly and lifting off what looks like extra-thick tape. This tape is actually the filter, and it is stuck down with powerful glue, so you do have to pull at it hard. Once you have it peeled off, you can preserve the polarizer for future experiments by sticking it to to small piece of glass.

[image: Image]

Now for the tricky part. We have to put the calculator back together. Make sure that the rubber strips that go underneath the LCD unit are correctly installed, and screw the whole thing back together. Now switch it on, and you will see . . . NOTHING! But nil desperandum, all may yet be well. Don your polarized specs and you should once again see the display, looking entirely normal. Take them off, and it disappears again. Actually, if you look at the display at an oblique angle, you may just be able to make out the segments of the display switching on and off without your polarized glasses, but it will be very much a grey-on-grey low-contrast image.

If it doesn’t appear to work, double check that you have restored all the component parts to their proper places—except the polarizer film. The battery connections are a frequent source of trouble, as are the rubber strips—one or more of which may well be directionally conductive rubber. The latter, incidentally, is an interesting material. Take it out and connect the leads from a multimeter set to resistance to the opposite sides and ends of it. It conducts up and down, but not lengthways.

Magic Mondrians

Here we will use a polarized light source and polarized viewing glasses to make a curious form of art, a sort of polarized version of the modern art form popularized by artist Piet Mondrian.

First find a lamp to use as an illumination source. Then tape either a lens from 3D glasses or a Polaroid sheet onto the lightbulb, blanking off the portions of the bulb that don’t shine through the polarizer with dark tape, foil, or dark paper. You may also find it helpful to go into a dark or dimly lit room, so that ambient light doesn’t compete too much with the polarization colors.

Now make an assembly of crossed and re-crossed tape. Imagine you are trying to make a kind of tartan cloth or basketry, but add diagonals as well. Ensure that you have sections with different numbers of tape layers. Then put on your polarized sunglasses or 3D glasses and take a look at what you’ve created. If all is well, that rather dull sheet of pieces of sticky tape should light up with colors from deep violets through greens and blues all the way to delicate pinks. As you turn the Mondrian, the kaleidoscope of colors will change.

How It Works: The Science behind Sideways Light

Light is an electromagnetic wave that produces an electric field which is transverse, that is, at right angles to the direction of the wave propagation. But there are two directions that are at right angles to a light wave going (say) horizontally north—up and down and east-west. This is the source of the phenomenon of polarization. I think it is sometimes helpful to think of light as waves on a string—a kind of string theory of light if you like. The waves on a string show polarization too, and you can make them behave in a way analogous to light.

Ordinary light is a random mixture of up/down and sideways polarizations or, equivalently, polarized at a random angle between the two. Polarized light can be made by a polarizer material that absorbs the wave with one direction of polarization, while leaving the other unaffected. Turning to string theory, this is the equivalent of a string passing through a slot at right angles to the string. The component of the incoming wave parallel to the slot travels right on through, while the component of the wave at right angles to the slot is absorbed.

Light polarized at 45 degrees to the horizontal can be thought of as a combination—a superposition—of two waves, each of half the power of the combined light, one up/down and the other sideways, phased so that they move together. Changing the relative power or phase of the two polarizations rotates the effective plane of the polarized light, but it can also create circularly polarized light. Circularly polarized light can be thought of as a superposition of two waves of light at the same frequency, one polarized (say) in the up and down direction, the other polarized in the sideways direction but phased so that the electric vector goes round and round in circles rather than jigging up and down or side to side. In the string theory of light, you might think of circular polarization as like the circular waves you get when you whirl the end of a tensioned string around, like one end of a skipping rope.

The polarizer-Mondrian works because of the effect of the tape in changing the polarization of the light that goes through it. Many polymers, including that used for Scotch-type tape have been stretched during manufacture and their constituent long-chain molecules are aligned with the direction of stretch. This molecular alignment often leads them to be birefringent, which means that light polarized along an axis parallel to the polymer molecules travels at a different speed from the light polarized at right angles to this axis. But if light that is polarized parallel moves faster than other light, then the effective plane of polarization of the light will be rotated, by an amount that depends upon the polymer’s thickness. If you want a string theory model of this, think of a string that has an array of weak elastic bands tied onto it at regular intervals in, say, the vertical direction. Vertical waves on the string will travel faster—because the elastic bands tug the wave movement of the string back to zero more vigorously than the string tension alone does. Meanwhile, horizontal waves on the string will be unaffected. Finally, we should remember that the birefringent effect is slightly different for different wavelengths—different colors—of light.

But how does having different speeds of light for different polarizations and frequencies produce all those colors? Well, in general, it doesn’t, even if we have polarized the light going into the Mondrian. Because your human eye detects all polarizations equally, so you don’t see anything much. But put a polarizer in front of your eye, and the colors that are coded into the image are revealed. (The polarizer is sometimes called the analyzer because it analyzes the polarized light in an image.) The polarizer removes all the components of polarized light that are at right angles to it, leaving the parallel components untouched.

All this works just fine for linear polarization, but why do colors and effects appear with circularly polarized glasses, you may be wondering? Basically, again, it is all about what happens to light as waves of one polarization go slower relative to waves of another polarization in passing through a birefringent material, an effect that, once again, depends upon light frequency, and hence on light color, leading to the color effects you see.


LINEAR POLARIZERS AND CIRCULAR POLARIZERS

There are other ways of achieving polarized light, but the most common is through the use of a polymer sheet polarizer. A polymer sheet linear polarizer is a birefringent material, one in which molecules are aligned in a particular direction, and electrically conductive molecules are aligned in the same direction. Light goes in, and one polarization is absorbed by the conductive molecules, while the other polarization proceeds.

A circular polarizer is most often made of the same type of sheet polymer polarizer, but one to which another sheet of material has been attached, a piece of birefringent (but NOT absorptive) material, this material’s axis being aligned at 45 degrees to the linear polarizer’s fast and slow axes. The thickness of the birefringent material is adjusted so that light entering the combined device is first linearly polarized, and then split into two equal polarized waves, one being delayed in phase by 90 degrees, so that the outgoing wave has the electric vector that goes around in circles; i.e., is circularly polarized. The same logic works in reverse, so that a circular polarizer can transmit light of one direction of circular polarization while blocking the other.



An LCD display also works by polarization. In detail its action is complicated, but the following can serve as a rough guide: the liquid crystal part of an LCD is actually made of molecules that can align differently, depending upon the voltage applied to the display electrodes, which are clear electrically conductive layers on the front and back of the liquid crystal chamber. Ambient light passes through the display to the back face, where it is polarized by a polarizing reflective film, the opposite polarization light being absorbed. The light is then subject to birefringent effects in the liquid crystal layer, and the polarization revealed by an analyzer film on the front of the display or—in our case—in front of our eyes.

Polarized Light in 3D Movies

The standard system for 3D movies is now the RealD system, in which the audience wears spectacles with different polarizing filters for each eye. The projector projects two sets of images photographed from slightly different positions simultaneously, simulating the effect of our stereoscopic vision. It can do this by projecting pairs of images 70 times per second, one after the other, first with circularly polarized light having a left polarization, then with right polarization. The screen is a reflective matt silvery metallic surface, which preserves the polarization of light reflected from it. The spectacles worn transmit left-hand circularly polarized light to the left eye and right-hand polarized light to the right eye. Sitting in the audience, you receive the correct different image in each eye, which produces an impression of depth of field, just as in a real scene, and, at least in some scenes, an enhanced sense of experiencing reality compared to a standard flat-screen image.

You can play around with the 3D glasses a little with some interesting results. Overlap the lenses from two pairs, for example, trying all the combinations of front/back and left/right. Or try looking at yourself in a mirror wearing them. Close one eye and then the other while looking at the mirror.

And Finally . . .

Polarizers are often used in geology when viewing thin sections of rocks under the microscope. If you have a microscope, try placing a couple of polarizing sheets, one below and one above a specimen of rock. If you don’t have a thin slice of rock, try using tiny crushed pieces or sand and seeing what you can see. Common or garden minerals like quartz (aka sand) or calcite—calcium carbonate—look surprisingly pretty viewed in this way. But these images have an important practical use as well. They allow the geologist to identify the different minerals in rocks.

A polarized light source and analyzer glasses will also allow you to find stresses in clear plastic parts. Try viewing a sheet of Lucite or some similar plastic using a polarized lamp and polarized glasses as before. You may find colored fringes, indicating that some stresses are already present. You should find that these become more pronounced and move around as you bend the plastic. The places where the colors lie in lines close to each other indicate the locations of greatest stress. Again, the alignment of molecules gives rise to birefringence. This alignment increases or changes in amount when you stress the plastic. The other effect going on is that the thickness of the plastic changes as you bend it. As the thickness changes, the amount by which the birefringence alters the polarization angle changes as well.

You could try modifying the 3D glasses to allow each eye to see the same color in the Mondrian, by swapping the left-hand lens with the right lens from another pair. These spectacles would also be handy if you found that the 3D-effect in a movie theater was making you feel nauseous. If you were to take the 3D glasses off during a movie, you would see two images overlapping. But with your modified viewing device you would get only the left-eye (or right-eye) image, and together they would give you back a monoscopic (normal) image.
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9. SUNBEAM EXPLODERS—RAY GUNS AREN’T SCI-FI ANY MORE



. . . a humped shape rose out of the pit, and the ghost of a beam of light seemed to flicker out from it. . . . as the unseen shaft of heat passed over them, pine trees burst into fire, and every dry furze bush became with one dull thud a mass of flames. And far away towards Knaphill I saw the flashes of trees and hedges and wooden buildings suddenly set alight. It was sweeping round swiftly and steadily, this flaming death, this invisible, inevitable sword of heat.

H. G. Wells, War of the Worlds

The first weapon of the invading Martians in the H. G. Wells story sounds like a modern-day infrared carbon-dioxide laser. Which is rather remarkable considering that Wells wrote sixty-two years before the first laser saw the light of day and added its own special form of light. But you don’t need a laser to explode things from a distance. Our method uses only a sunbeam—and it is surprisingly effective.

The power of the sun always seems weak in England. This is hardly surprising when you look at the latitude of London and even the most southerly parts of England. At nearly 52 degrees, London is north of Newfoundland, on a level with some of the frozen wastes of Canada. And so while it’s true that the River Thames hasn’t frozen over for three hundred years and snowflakes landing in London usually last about a minute, the culprit is not geography but a powerful ocean current carrying warm seawater from the sunny Gulf of Mexico across the Atlantic. But even in nearly Arctic England, the sun carries an enormous power—over 500 W per square meter on a clear day. And when you walk from shade to sun on a sunny day, you can feel your clothes increasing in temperature by a several degrees. But although it feels hot, the temperature is not hot enough to melt much of anything. To really start melting stuff, you need a much higher energy density—in the region of megawatts per square meter—and that’s where a lens can help.

If you read accounts of early chemistry, you will often find references to something called a “burning glass.” A burning glass is a large lens with a relatively short focal length.* In the days before Bunsen burners with clean-burning gas and electric hotplates, the burning glass was a key piece of equipment for physics and chemistry experiments. Lensmakers competed to out-do one another, making larger and larger lenses of ever decreasing focal length. The great pioneers of chemistry like Antoine Lavoisier and Joseph Priestley took great care to obtain high-quality burning glasses for their experiments. Priestley, who discovered oxygen by heating mercuric oxide (HgO), relied on a burning glass. The HgO was sealed into a tube and then heated to release the oxygen, which could then be reabsorbed by heating to a lower temperature. The burning glass offered the opportunity to carry this out in clear glassware, allowing Priestley to see precisely what was going on: the different colors of the Mercuric oxides forming, and the oxygen gas forming and bubbling out to be collected. Amongst Lavoisier’s burning glasses was a leviathan, 2.5 m (8 feet) in diameter.

What You Need


One or more large lenses of the magnifying glass-type, at least 50 or 80 mm (2" or 3") in diameter

Balloons: latex rubber, not foil

Dark-colored marking pens

A mirror (or two) at least 150 mm (6") square

A sun (most Earth-like planets have a suitable specimen)

Sundry pieces of wood, glue, etc., for making a mounting (see diagram on facing page)

 

Optional

Stopwatch

A plastic mirror or other double-sided hand mirror, at least 100 mm (4") in diameter



What You Do

First glue together some light pieces of wood to make up something like the arrangement shown in the diagram. I used a simple piece of wood with a hole near one end to hold the lens and with two right-angle brackets at the opposite end for the balloon. Check to be sure that you are positioning the balloon surface at the focal length of the lens, erring if anything on the side of placing the balloon a few millimetres further away than that focus. Now inflate the balloon and hold it against the frame with the aid of small pieces of tape, chewing gum, or whatever. You will get the best bang by inflating the balloon to the maximum size you dare. Now ink a Black Spot on the balloon. Color at least a portion of the balloon skin inside the frame with the dark-colored marker pen. (Don’t be too shocked if the balloon just spontaneously explodes. Some marker pens contain solvents that attack the latex rubber from which balloons are made.)

Now place the Sunbeam Exploder (because that is what you have constructed) with the lens pointing towards you, and retreat some distance away to a spot where a sunbeam or two is entering the room. (You could employ an assistant to relay a sunbeam with a mirror from outside the room if necessary). Using a mirror, move the reflected sunbeam around the room until you can steer it roughly at right angles to the face of the lens of the exploder. The lens will concentrate the sunbeam onto a small area. If that area falls within the Black Spot, the dark coloring will ensure that all of the energy is absorbed. The thermal energy will quickly raise the temperature of the balloon skin to its melting point. With luck, you should find that the balloon explodes, perhaps instantly, or, if your set-up is a little awry, after a second or two. If you were to set up a number of Sunbeam Exploders, you could explode a whole row of balloons in a couple of seconds by passing your sunbeam over them.

[image: Image]

You don’t need to find especially good lenses. I found some for 75 cents that did the job just fine. Try timing how long it takes from sunbeam exposure to balloon explosion. With less efficient set-ups you can time this on a stopwatch. Dark balloons won’t need a Black Spot, by the way. But what color works best? Red? Green?

What effect do you get with a bigger lens? Can you explode a white balloon without a Black Spot if you use a bigger lens?

And does it make any difference how fully the balloon is inflated? Is an under-inflated balloon more opaque to the incoming solar radiation so that it absorbs more—or is that compensated for by the extra thickness of the under-inflated balloon’s skin?

You can try using two or even three balloons inside each other. Combinations of balloons take a lot more puff to get inflated (you may have to find a balloon pump at this point). But they do make a much louder and more satisfying bang.

How It Works: The Science behind Sunbeam Exploders

Our Sunbeam Exploder relies on the same principles as the medieval burning glass. An effective burning glass must have a short focal length relative to its diameter. It is easy to understand why this should be so if we remember that the lens is simply forming an image of the sky, with the sun in the middle of the sky. The size of that image determines the energy density achieved. From an incoming 500 W energy density (Ei), the output energy density (Eo) achieved is multiplied by the square of lens diameter (Dl) over image diameter (Di), or in other words, Eo = Ei (Dl/Di)2. But that image diameter (Di) is simply the angular diameter of the sun in the sky in radians (θs), multiplied by the focal length ([image: image]) of the lens, i.e., Di = [image: image]θs, so

Eo = Ei (Dl,/([image: image]θs)) 2.

We can clearly see that increasing the diameter of the lens relative to its focal length will increase the energy density. Making the lens bigger and the focal length longer, which is what you do if you just scale the whole thing up, won’t increase the energy density, although it will increase the area over which you can achieve that energy density. To give some idea of the energy-density-multiplying effect of the lens, we can estimate θs as 0.5 degrees, or about 0.01 radians:

Eo = 500 (0.1 / 0.1 × 0.01) 2

Eo = 5 MW / m2.

Five megawatts per square meter sounds pretty impressive, but you have to remember that the absolute amount of power hasn’t been increased by the lens—it is still the same; for the 0.1 m (4") lens we are talking about, that’s roughly 5 W. The difference is that this 5 W is spread over a tiny area, just 1 mm in diameter, and such a tiny area will quickly get very hot.

Now the quantity Dl/[image: image] or rather its inverse, [image: image]/Dl, is an interesting quantity in itself. Walk into a photographic equipment emporium, look at the lenses for sale, and you will soon find a reference to [image: image]-numbers. The [image: image]-number of a lens is simply its focal length divided by its diameter, or [image: image]/Dl And just as with burning glasses, the best ones have a large diameter relative to their focal length—i.e., a small [image: image]-number. But why is a small [image: image]-number important for cameras as well as for burning glasses? The answer is that they are both trying, in a sense, to do the same job. A camera lens must focus as much energy as possible from the scene outside onto the film or digital sensor. For our burning glass, the image is simply the sun, and the film is whatever the thing is that we are trying to melt; in this case, the balloon.

The magnifying lenses I suggest you start with actually have rather larger [image: image]-numbers. I found 50-cent hand lenses of 90 mm diameter that had a focal length of 220 mm, which gives an [image: image]-number of 2.5. You can do much better than this. Lenses down to an [image: image]-number of about 1 are available, and you will find that even very small lenses, if they also have a small [image: image]-number, will serve to explode balloons. They achieve the same power density, the same W / m2, as their larger cousins. A Lilliputian 18 mm (3/4") hand lens, with a focal length of 25 mm (1"), i.e., an [image: image]-number of 1.3, will explode balloons.

The focal length of a simple glass lens varies with the wavelength of light being focused. Glass refracts shorter wavelengths (blue-colored light) through a larger angle than longer wavelengths (red light): so the focal length for bluer light is shorter than that for red light. More than half of the power of the sun at most latitudes and times of day is not actually in the visible part of the spectrum, but rather in the near infrared, with a wavelength beyond 0.75 microns. That is why the focal-length setting of the Sunbeam Exploder is not as critical as you might expect, and why I suggest that you err on the side of putting the balloon a little too far from the lens.

You may be wondering why a balloon that’s had a pinhole pricked in it doesn’t just leak air and gently deflate. The reason balloons explode is because their critical crack length is rather small, and hence anything bigger than a micron-sized pinhole has a tendency to grow exponentially into a crack that goes clean around the whole balloon. (By the way, we will look at critical crack length in “Deep Impact—Armor-Piercing Carrots” in “Mad, Bad, and Dangerous”).
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The Heliograph Peephole Mirror

One way of ensuring that you aim your sunbeam correctly onto the target balloon-lens assembly is to use a heliograph, a device specifically designed to reflect sunlight over long distances to send messages. Heliographs typically have mechanical alignment devices to ensure that the perpendicular to the mirror is aimed exactly half way between the sun and the target person to whom the message is addressed. This alignment is then periodically interrupted to send a Morse code message. Actually, however, it is not necessary to make a complex device with two alignment sights and a pantograph mechanism carrying the mirror: a simple double-sided mirror with a small hole in it suffices. It has been suggested that a variation on this method may have been used to cast intense glare at enemies in battle using brightly polished shields, and perhaps also by Archimedes for an equally military purpose. There is an apocryphal story about how Archimedes defended Syracuse** from the invading Romans by burning their warships before they could attack using arrays of judiciously aimed mirrors.

But how can you make a double-sided mirror with a hole in the middle? Well, nothing could be easier: you simply dissolve the plastic backing coat of a normal mirror with solvent, leaving a perfect mirror on the back as well as on the front. Or you could scrape a small patch of the silvering off the back of two mirrors to give a clear hole, and then glue these two mirrors together back to back.

Once you have your mirror, go out in the sunshine and try it out. While standing approximately facing the sun, move the mirror to align the peephole with a target in an area in shadow (so that you can easily see the beam of light the front of the mirror casts). Now look at your reflection in the mirror and look for the small spot of light cast by the sun going through the peephole. If necessary, hold a piece of white cardboard in front of you so that you can see the small spot. Now move the mirror so that the small spot disappears down the peephole, keeping your target visible through the peephole. You should find that the sunbeam from the front of the mirror now strikes squarely on the target. Try drawing out the geometry to show why this works. Draw light from the sun reflecting from the mirror, and also light from the sun falling on your body and its image in the back of the mirror.

And Finally . . .

Today’s equivalent of burning glasses, the rather prosaically-named solar reflector arrays or solar concentrators might in the not-too-distant future become very important pieces of technology. The increasing cost of fossil fuels as an energy source, and the increasing recognition of the global warming effect caused by the increased levels of carbon dioxide that result from burning those fuels means that solar energy will be exploited on a much larger scale. The concentration of solar energy means that smaller areas of expensive devices like solar panels can be used.

Can you devise a reflective equivalent of the lens for your Sunbeam Exploder? You could go for the approach adopted by Archimedes against the Roman war-galleys attacking ancient Syracuse. You could use an array of small flat mirrors, all cunningly set at slightly different angles so that they were all directed onto the balloon.
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* Lenses themselves are a technology of much greater antiquity. In the archaeological museum on the Greek island of Rhodes in the Mediterranean, you will find a collection of a dozen or so powerful hand lenses, ground and polished from pieces of water-clear silica—rock crystal—and mounted in bronze handles for the use of jewellers. They were made 2,400 years ago.

**Syracuse in Italy is where Archimedes famously leapt from his bathtub declaring “Eureka!” (“I’ve got the answer!”) upon solving a physics problem set by the king. On a visit I made there, the whole city was a bathtub. A sudden thunderstorm drenched the inhabitants and flooded the ancient streets, including the amphitheater, to a depth of a full foot.



10. THE DEAD-OR-ALIVE BALL—TO BOUNCE OR NOT TO BOUNCE, THAT IS THE QUESTION



Success is how high you bounce when you hit the bottom.

General George S. Patton

The bouncing of balls has been studied in physics since Archimedes was a lad. But even comparatively recently there have been surprises. Who would have predicted that bouncing balls—albeit exploding ones—would work as a weapon of war in the hands of aeronautical genius Barnes Wallis? And the extraordinary bounciness of Super Balls made from superelastic polybutadiene still catches people unaware. Don a pair of safety glasses, then drop a large Super Ball on the ground with a small Super Ball on top of it and you might be surprised at just how high and far that little ball goes!

The coefficient of restitution—that is, how much of the height from which it is dropped a ball can bounce back up to—is one of the simpler things to measure. There might not be quite so many school kids dropping balls and measuring how much they bounce today, but it is still important. If you have ever tried playing squash with a polyurethane Super Ball, or soccer with a ball that has sprung a leak, you know what I mean. And the bouncing of balls that are spinning is really important to players of games like tennis, both the table and the lawn varieties, and of course to baseball and cricket players.

Our project here is a ball that you can switch from lively bounce mode to dead impact mode at will. You might think that to do this you’d need a radio-controlled selectable spring or some similarly complex mechatronic device. But it’s not nearly that difficult . . .

What You Need


Fine, dry sand

A small ball; e.g., a Ping-Pong (table tennis) ball, or a large ball, e.g., of rigid plastic with c. 2 mm walls, either supplied in two halves or split-able or drill-able so that you can fill it with sand

A felt-tipped pen

A floor

 

Optional

Russian juggling balls

Birdseed



What You Do

First, if the ball came in one piece, split or drill it and fill it about 1/4 or 1/5 full of fine sand; then glue it together or fill any holes. A ping-pong ball can be cut into and then squeezed to make the cut gape a little. You can then scoop the small amount of sand needed.

Now mark the ball with bold crosses or some other pattern that will allow you to see if the ball is rotating. Now find a mildly resilient floor surface, something like a thin rug on a tiled or wooden floor, or just thin or hard carpeting.

[image: Image]

First hold your modified ball between your hands and the drop it onto the floor from a height of, say, 1 m, letting it go carefully so that it does not rotate. Now do the same, but this time rotate it as you let it go by moving one hand up and the other down as you let it go. Does anything different happen? Try dropping the ball straight again—does it still bounce at all?

What you should observe is that if dropped straight, the ball will bounce in the normal way you would expect it to bounce if it didn’t have sand in it. But if dropped while spinning on a horizontal axis, even slowly, it will lie as dead as if you had dropped it onto glue, after impact maybe rolling sideways a bit (how much depends on how much spin it had).

What appears to be happening here is that in the case of the non-spinning ball, the sand is simply bouncing as a lump of solid with the rest of the ball. But once set spinning, the sand acquires some air, and then when it hits the ground the sand acts like a cloud of separate particles, which all collide with each other in a random way. Doing this wastes a lot of energy. With each off-vertical collision, some of the sand particles’ downward kinetic energy is lost. But there is more. When the ball tries to leap up again in its rebound, it immediately starts running into a cloud of randomly moving sand particles. And it tends to bounce off them downwards again, shortening its rebound to a few millimeters. So, in effect, by giving the ball no more than a slight rotation, you’ve disrupted the coherence of the whole ball-sand system. It bounces more like a lump of dirt than a ball.

What about trying a little more sand in the ball—or a little less? With very little sand, the ball should behave almost like an unmodified ball: is that what happens? Can you compensate for the smaller amount of sand by spinning the ball faster to get the dead ball effect? With a much larger fill of sand, what happens? If you absolutely stuff the ball with sand, does that prevent the loss of energy that the sand normally causes?

How It Works: The Science behind Dead-or-Alive Balls

First think about the non-rotating ball-drop, where the ball and sand all bounce together. Some energy is lost, and as a result the ball doesn’t bounce right back up to your hand again. The equation of bounce is:

Height afterwards = e × height of drop,

where e is the coefficient of restitution. It represents the fraction of the kinetic energy from the fall that is conserved in the collision with the ground.

In the case of the rotating ball, however, the shell of the ball might act as a coherent whole, but the sand inside acts like individual particles. They bounce, but they don’t all bounce at once, and mostly they don’t bounce off surfaces, either off the ground or off the inside of the ball. They bounce off each other, and these inter-particle collisions are incoherent—meaning that they don’t add up in the same direction—with the result that the energy that went into them is lost in the sand collisions without moving the ball in any particular direction.

The inter-particle collisions can be thought of as being similar to the atoms in a gas in the kinetic theory of matter. Kinetic theory describes how the temperature of a set of gas atoms is actually a reflection of their individual motions. The faster they go, the higher we say the temperature is. We can think of the sand grains here as more like spherical atoms, whose temperature is raised by their collision process in the rotating case.

Now consider what happens with a second bounce. A standard ball, after bouncing back to a certain height (e × starting height), should bounce again, this time to a height of e × e × starting height (or e2 × starting height). But what happens with the dead-or-alive ball? Check it out. Mine seemed to prefer to bounce just once—but maybe this depends upon the quantity and type of sand.

And Finally . . .

You could try to find some Russian juggling balls. These are plastic balls, ready-made with a partial sand or salt filling. They are designed to make learning to juggle easier by minimizing the tendency of balls to bounce in the hands of the novice juggler. They are hard to find, however, and you can’t vary the type or amount of filling without breaking into them.

Try a different material. Why not try, for example, larger particles, like birdseed? Birdseed may show many of the same characteristics as sand. So what about something larger still—peanuts, maybe? Or what if you put several small Super Balls inside a larger rigid ball—what then?
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11. COWBOY COFFEE—YEE HAW!



I am a machine for converting coffee into mathematical theorems.

Paul Erdos*

Coffee bushes grow on hillsides—too many hillsides, some would say. In various parts of the world, but especially in Africa and South America, there are vast tracts of land devoted to coffee cultivation. The small bushy trees—just six feet or so high—yield small unimpressive cherry-like fruits, in the middle of which there are a couple of equally unimpressive beans. In coffee towns like Jardin, high in the hills of the zona cafeterra of Colombia, you will trip over large tarpaulins covered with coffee beans drying in the sun. Once dried, the beans are a dull pastel grey-green. If you chew one, you’ll find it slightly elastic but not tasting of anything in particular. It is in the next step in the coffee production process, the roasting, that the magical chemistry happens that produces all those wonderful aromatic flavors. Once they’ve been roasted, it’s a simple matter of grinding the beans and then steeping them in boiling water to produce the stimulating popular drink that we all know (and many of us can hardly live without). Why did men in ages past ever bother with these dull beans? And what on earth led them to devise the magical roasting process?

Coffee seems to have developed in Africa, in the region of Ethiopia, whence it migrated across to Arabia where it first grew in importance. The drink reached London around 1652, possibly at Rosee’s coffee house, and became a massive hit.

Coffee houses sprang up all over the capital after the Great Fire of London in 1666. They offered merchants, bankers, civil servants like diarist Samuel Pepys, and scientists like Robert Hooke a pleasant but sober alternative to the alcoholic excesses of taverns. Not only that, but in the days before proper newspapers and today’s electronic media, they became key sources of news and information. They had stocks of broadsheets, pamphlets and books, and runners were sent from coffee house to coffee house bearing news and advertisements by hand, and all this was supplemented of course by a ceaseless hubbub of conversation and gossip amongst the clientele.

Today coffee is big business. Coffee drinkers (and that is probably half of us in the Western world) each spend roughly $160 a year on coffee—9 kg or so of the stuff, apparently, and drink something like three cups a day. With a half billion or so of us, I reckon that makes the business worth $80 or so billion. And machines for preparing coffee, from percolators to filters, from vending machines to espresso machines, are big business too. But although we do have to buy the coffee itself, it isn’t really necessary to spend any money at all on that machinery. Here’s the secret:

What You Need


For Cowboy Coffee

Ground coffee (commercially ground)

A spoon

A clear Pyrex (heatproof) coffee cup or beaker

Boiling water

 

For the Laser Absorption Meter

A small square-sided glass jar (an ordinary cylindrical glass mug will just about do)

A diode laser (e.g., from a laser level)

A photodiode

A multimeter and (optional) a datalogger

Wood, glue, tape, wires, etc.



[image: Image]

What You Do

To make Cowboy Coffee, you just put a teaspoon or two of coffee in a mug or cup, add freshly boiled water, and stir to mix. That’s basically it. It is that simple. No apparatus is required other than a cup and spoon. Even a cowboy could find room in his saddlebags for that much equipment.

But take a closer look at the cup and you will notice that a lot of the coffee grounds are floating on the top in a thick and relatively solid layer, which you will have to filter out as you drink if you don’t want a mouthful of grounds. Maybe that is what the moustache was invented for? But there’s a neat trick that will save you having to grow one. Wait a minute or two to allow all the grounds that are going to float up to float up. Then use the end of the spoon and just stir the top of the cup—and only the top—until, magically, the floating layer sinks. A cunning additional stir or two around the rim of the cup will ensure that any grounds adhering to the sides of the cup at the top also sink, a pause to allow the sinking grounds to sink low enough, and your beverage is ready and refreshingly free of grounds.

Now make another cup of Cowboy Coffee and pay close attention to what is happening.

At first, the coffee grounds on the top float, because they are buoyed up with minute air bubbles. When you stir the top, these bubbles are beaten out of the grounds, and they then form the brown froth (the “crema,” they call it in Italy). The grounds at the top then fall through the length of the cup, often flocculating—combining together lots of tiny particles into larger flakes and clumps that sink faster than the smaller ones. They will, in the course of five minutes or so, form a reasonably solid layer, but this time at the bottom of the cup.

Stirring only the top of the cup avoids disturbing the grounds that have already settled at the bottom, and speeds up the settling process. The settling process of a single grind of coffee doesn’t take place at the same speed in clear hot water as it would in water already crowded with other grounds, so there is an advantage there. Also, some of the grounds are very small and settle only very slowly, so stirring the whole cup would mean that you would have to wait longer for these small grounds to fall the full depth of the cup.

Light Absorption Measurements

One of the simplest scientific instruments to make is an absorption meter. First glue some wood strips in a square on a wooden base to make a snug-fitting nest for the square-sided glass jar. If you can’t find a square one, a cylindrical glass mug is just about OK. The jar is your “cuvette,” that being the technical name for the absorption cell into which you put a liquid for testing. Mark the jar so that you can put it in the same way around every time you use it.

Take the photodiode and glue it to a piece of wood looking along the wooden base towards the laser, through the flat sides of the jar. Now wire the photodiode up to a multimeter set to a small current range (milliamps or less) and align the laser to maximize the readout. Check that both the horizontal and the vertical alignments are good. Now fill the jar with water and check again—the laser beam will probably shift very slightly in position when the water is added—and then glue the laser in place.

Now you can make a few simple laser absorption measurements. Add a drop of food dye to the cell, or maybe even a drop of a deep red wine, stir, and note how the reading changes. Add another drop and again note the reading changes. For small amounts of absorption, the fall in signal should be linear in the amount of light absorber. For larger amounts of absorption, the drop in light output is exponential, never quite reaching zero.

Now that we have the instrument working, we can turn it loose on our Cowboy Coffee. The next step is to simply make some Cowboy Coffee in the square jar. Make it very weak, at least to start, using standard medium-ground coffee.

You should pre-warm the glass jar with a 50/50 mix of room temperature tap water and boiling water. Unless you’re using a glass mug specially made for coffee, or a Pyrex jar from a lab, boiling water could cause the glass to crack. What happens is that the inside of the jar will be heated rapidly by the boiling water pouring in and will try to expand more than the cooler outside. Because glass is brittle, this stress may well crack it. Slowly heating the water in a microwave oven may avoid this, or you can preheat with the 50/50 mixture, which should be at roughly 50–60°C. When the jar has been thoroughly pre-heated for a couple of minutes, start over and make the coffee with boiling water.

Having made your coffee, place it in the absorption meter. You can simply note the measurements on the multimeter as they change with time, plotting the results by hand; but it would probably be better to hook up a data-logger if you have one, or to use a data-logging multimeter.

You should find that the absorption shoots up—the photodiode current goes down steeply—when you first add the coffee. When you stir the cup again to get the floating grounds to sink you will again boost the absorption. Then, as you leave the cup to stand, the photodiode current will go steadily upward. The graph below shows the sort of pattern you might see—although it will vary a lot depending upon the types of coffee used and how they have been roasted and ground. The readings won’t be steady, by the way, since they fluctuate with the presence or absence of a few large grounds in the beam.

You can repeat the experiment with the absorption meter at different heights in the jar, for example by raising it up on spacers in its nest. You should be able to figure out from the data how fast the grounds are sinking, on the average.

You will be surprised at how sensitive this simple laser absorption meter is. The merest drop of red wine in a large beaker of water can be detected, for example. And you may be surprised also by how well the grounds settle, what a solid layer of grounds is formed at the bottom of your cup—and how few grounds are left to get stuck between your teeth.
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ROAST-YOUR-OWN COFFEE

It isn’t difficult, and it doesn’t require any special apparatus to roast your own beans. Why not have a go? First buy some raw green coffee beans. Then find a saucepan or frying pan that will stand some heat—preferably a plain metal one, but I have also used Teflon-coated ones (which should not be overheated, as that ruins the coating). Heat the pan on the stove and then add a single layer of beans. You can stir the beans around with something like a flat-ended wooden spatula (I just used a folded-up sheet of paper), to make sure that a few don’t burn on one side or on a hot patch of the pan. After three or four minutes, the dull pastel green of the beans should begin to brighten up. They actually turn a shade of yellow, not quite as bright as sweet corn, and then they begin to brown. This is not the only surprise, because as the beans turn the typical mid-brown or nearly black of roasted coffee beans, they expand. Look back at some of your original raw beans, and you will notice that they are quite a bit smaller than the ones you have just roasted. Meanwhile, your house will have acquired a pleasant roasted coffee scent, along with a hint of smoke if you should let the beans overheat. Once they have cooled, you can grind them and steep them in the usual way: with luck, your home-roasted coffee will taste delicious, significantly more aromatic than your usual brew.



How It Works: The Science behind Cowboy Coffee

The basic formula that gives the speed at which particles fall in a viscous fluid medium is that first published by George Stokes:

V ~ Δρ g R2/viscosity,

where Δρ is the density relative to water, g is gravity and R is the radius of the particles. The viscosity of the hot water will be much lower than when it is cold. At 80°C (176°F), for example, the viscosity of water is about one-third what it is at room temperature. In our case, the particles of gritty coffee we want to sink out of the way are 50 microns or larger. They have a density only slightly greater, by maybe 10 percent, than that of water, so we can estimate their typical speed to be about a millimeter per second. So, after one minute, the grounds will have sunk 60 mm (2").

Absorption follows an exponential law, known as the Beer-Lambert law. However, for small amounts of absorption, the exponential factor becomes almost linear, and the absorption of light is simply proportional to the concentration of absorber and the length of the path, which is what we saw with the drops of food coloring. With coffee, there is some light absorption from the dissolved brown coloration, which increases steadily over time as this color leaches from the grounds and disperses throughout the water. Most of the absorption is obscuration by coffee grounds, both small and large, and this obscuration also follows the same kind of law, proportional to the concentration of grounds and the length of the path. As the grounds fall below the bottom of the beam the overall absorption decreases—and the timing of this decrease follows the timing of the fall of the grounds from the top.


INDUSTRIAL COFFEE GRINDING

You may have discovered that coffee that you have ground yourself from beans won’t work well as Cowboy Coffee. There always seems to be a bunch of large grinds that stubbornly refuse to sink. So why does commercially ground coffee work, but not home ground coffee?

Coffee beans are all, within 20 percent or so, the same size. But grind up coffee beans—or many other materials—and you don’t get a bunch of particles of the same size ± 20 percent. You get instead a whole spectrum of sizes, ranging typically from a full-size bean right down to the finest dust particle just a few microns across, although the mix will be dominated probably by a typical size, which depends upon a lot of factors, such as the grinder type, the grinding time, the amount loaded into the grinder, and so forth.

Industrial grinders produce a size spectrum that is more concentrated in a particular size band than the spectrum produced by the typical home grinding machine. This result is sometimes achieved by recycling the larger particles back into the grinder in some way for a re-grind. If the larger particles are not let through to the output of the grinder until they have been re-ground and downsized, while the smaller particles are let through at once and not reduced in size further, the result is particles of more uniform size.

Another way to narrow the size spectrum is to use a roller grinder: this consists of two rollers, spaced apart, one or both with shallow corrugations. When beans are led into the adjustable space between the rollers they are crushed to smaller size, the smaller the spacing the smaller the grounds.

The best coffee-grinding processes utilize the same liquid-nitrogen based process that is used to grind fine herbs and spices. When organic materials like coffee beans are cooled to cryogenic temperatures using liquid nitrogen at 77°K (which is a very cold –195°C), they are reduced to a glass-like brittleness, allowing the grinding process to proceed very easily with little power needed. There is a further advantage in that the low temperature prevents the loss of aromatic flavor compounds, which remain locked in the ground coffee.

Finally, the liquid nitrogen produces N2 gas, which will not support combustion, avoiding the potential hazard of a dust-air explosion. It is possible for a mixture of organic dust and air to ignite and burn furiously, usually as a deflagrating explosion, in which the flame travels at less than the speed of sound. It is possible, though rare, for a detonation type of explosion to occur in dusts, in which the flame front travels supersonically, producing devastating damage. Certain types of coalmines and sugar-milling plants were once notorious for occasional explosions of this kind.




DECAFFEINATED COFFEE

1,3,7-trimethyl-1H-purine-2,6(3H,7H)-dione, 1,3,7 trimethyl xanthine, or caffeine for short, is a fairly simple compound, easily obtained as white crystals from solutions, whose action seems to be directed at the human central nervous system (CNS), where it wards off drowsiness and makes us more alert.

Caffeine is the main active ingredient in the stimulant of coffee and is also contained in other hot drinks, like tea or cocoa, as well as in carbonated cola drinks. There are other flavorsome and stimulant chemicals in these drinks, such as the rather grandly named “theobromine” (Greek for food of the gods), which is a bigger component of another favorite beverage and luxury food—namely, chocolate, technically known as “theobroma.” But caffeine is the compound with the most significant effects.

Alertness is, of course, not a good thing if you are trying to get to sleep. And large amounts of caffeine can cause the heart to race and lead to undesired psychological symptoms. These effects can be avoided by extracting the caffeine from the beans. The green beans are typically steamed for a few hours first and then subjected to an extraction process. The latter is surprisingly easy as caffeine is readily soluble in a number of liquids, including as ethyl acetate, methylene chloride, and liquid carbon dioxide. The first two are fairly innocuous industrial solvents (the former is even natural, as it occurs in ripe bananas and some other fruits). But CO2 is now widely used, as it is inexpensive, non-toxic, and not as difficult to handle as you might imagine.

Coffee is soaked in CO2 at high pressure—60 to 200 times atmospheric pressure—and somewhat above room temperature. The pressure is necessary because the CO2 would otherwise become a gas at higher temperatures, or at lower temperatures simply go solid, into the form we know as dry ice. This optimal combination of temperature and pressure renders the CO2 supercritical, i.e., in a state that is neither a liquid nor a gas, in which its solvency powers are still high, but its viscosity low enough to penetrate the porous structure of the coffee bean more easily, and in which effects like surface tension don’t exist. Having dissolved the caffeine, the liquid CO2 can be drained out of the vessel, leaving decaf coffee behind. The liquid CO2 can be allowed to warm up and depressurize (perhaps to be reused), leaving behind a residue consisting mainly of caffeine, which can be sold on its own accord, usually mixed with aspirin or some other substance for use in remedies for minor medical conditions.



And Finally . . .

See if you can find Turkish or Greek ground coffee. In Turkey and Greece coffee is made by the cowboy-coffee method, in tiny cups, very strong and usually highly sweetened, using coffee that has been ground to a fine powder. You could make it just as we did above, but you would find that the liquid coffee above the dregs would be pretty well opaque, since the finer grounds, following Stoke’s Law, sink rather slowly. There is the advantage, however, that it doesn’t matter if you drink a little of the grounds—they are so very fine that they aren’t at all unpleasant and don’t stick in your teeth.

But that’s enough coffee science. Maybe now we could take a break and just drink some. Cream or sugar anyone?
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12. ELECTRIC GLUE—THE MODERN GLUE



When you sell a man a book, you don’t sell him 12 ounces of paper and ink and glue—you sell him a whole new life.

Christopher Morley, The Haunted Bookshop

Glues of some kind have been used since Stone Age people boiled up fish skins or heated resin from trees to bond sharp flint blades into the wooden shafts of arrows and spears. For millennia, glue continued to be made this way, and then in the nineteenth century the Victorian chemical industry turned its attention to glues derived from rubber. Over the next century, a full understanding of the chemistry of polymers and a deluge of petroleum-derived source chemicals allowed major developments in the field of adhesives. A cornucopia of glues from epoxy to cyanoacrylate came out in the 1950s, all with different properties and all vastly outperforming Stone Age resins.

Glues are likely to make further advances with the increased use of polymers in areas traditionally reserved for metals. In cars, for example, molded plastic parts are becoming more and more common. These cannot be welded to the metal parts of the car in the usual way; nor are mechanical fasteners—rivets and screws—the best solution. And in airplanes, there are now many carbon-fiber composites in use, which also must be bonded with adhesives.

While much inventive genius has been applied to the chemistry of thousands of types of glue (by the way, glue experts insist that their products be respectfully referred to as adhesives), rather less seems to have been devoted to how the products are actually used. Here we take a look at a way to combine electricity with glue . . .

What You Need


Small-gauge bare copper wire

Small woodscrews

A high-current power supply or transformer, variable in voltage up to 30 V (Try to find something of at least 100 W: I used a 30 A, 1.5–30 V (900 W) computer power supply.)

Heavy current wires with alligator clips to connect the power supply

Pieces of wood

Handles to screw onto the wood

Epoxy resin

Hot-melt glue

A thermocouple with either a meter or a datalogger



What You Do

To make an e-glue panel, first set up the simple wired block as shown. The screws are in place simply to allow you to wind the wire neatly around the ends, while keeping it as taut and even as possible. Tautness is important, because thermal expansion when the wires are heated will cause them to loosen, and if they are loose they will not lie straight and heat the glue evenly, but will have a tendency to develop hot-spots, and even perhaps touch each other, causing a short-circuit. An aid to tautness is to lay the wires across the grain of the wood. This does make it more difficult to fasten the screws without cracking the wood, but it helps, because if you lay the wires along the grain, then they tend to cut into the corner and slacken somewhat.

Now install the thermocouple wire in a groove across the wood, leaving the junction somewhere in the middle. Next lay out a fairly even pattern of hot-melt glue, keeping the beads of glue no more than 5 mm or so apart, being sure not to leave any bare patches, and ensuring that a bead of glue covers every piece of wire. Put a blob of glue over the thermocouple also, so that the glue, once melted, will definitely include the thermocouple in the melt. Once the glue has cooled, the e-glue panel is ready to use.

You can now place the e-glue panel against the surface that you want to join it to, connect up the power supply, and push the surfaces together, either by hand or with clamps. Monitor the temperature carefully, and raise the power until you get up to 100–150°C or so, at which point the hot-melt glue flows nicely. Adhesive will begin to squeeze out, and at this point you should halt the power applied, so that you don’t get burnout anywhere in the joint (see below). Now allow the e-glue sandwich to cool. The thermocouple will tell you when it gets down to 50°C or so in the middle, at which temperature you can relax your squeezing or clamping.

The start of the heating process may be a little erratic, because the wire needs to melt the glue sufficiently to make it flow and then heat the thermocouple. Apart from this, you should see the temperature climb, rapidly at first, then more slowly, reaching 100°C in a few minutes, at which point you should turn the heat down and then off to avoid burnout.

Burnout is the term for what happens when the wire gets hot enough to cause burning or pyrolysis (decomposition without air; i.e., without combustion) of the glue, the wood, or the wire itself. It will happen in places where more than a few millimeters of wire is contacting neither the surface nor the glue; that is, where the glue has run off the wire or where there are voids in the surfaces. Any bare patches tend to overheat because heat is not absorbed by the latent heat and then convection of the melting adhesive, and because once overheated, the copper wire will have a higher resistance, which will tend to make it heat up even more—a kind of thermal runaway effect—that quickly produces a hot-spot. If the hot-spot reaches 1000°C, it will melt the wire.

You should find that you get an excellent glue joint, much stronger than a similar joint where you just apply hot glue and then clamp. Your e-glue joint will be much thinner and more consistent in thickness and better filled with glue, with fewer voids. If you have included a bracket or handle on the two parts, you will be able to pull them apart, though it will take considerable force. But I doubt that you will see the joint break, once it has cooled.
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Now that you have a good e-glued joint and have proved how hard it is to break apart mechanically, why not break it apart easily in just a couple of seconds? To e-break your e-glue joint, just heat it up again. You will find that it will heat rapidly and evenly, so that it can be pulled apart cleanly with minimal force, leaving both parts coated very evenly in glue. The glue will tend to string, but the mass of glue in the strings is much less than that now evenly coating each surface.

Having had some experience of hot-melt e-glue, why not have a go at permanent-bonding using epoxy e-glue? Use the normal type of epoxy adhesive, the kind that takes 24 hours to cure, not the rapid-setting type also known as ten-minute epoxy (though it actually takes about half an hour to cure). An epoxy two-pack adhesive comprises two viscous liquids made from oligomers, short-chain polymers. The adhesive is an epoxide-terminated oligomer, while the hardener is an amine-terminated oligomer. When added together the oligomers become fullblown long-chain polymers with a very high molecular weight and cross-linked as well, constituting a strong solid.

Mix the two viscous liquids (usually 50:50, but follow the instructions given) and then spread the mixture evenly over the wires. You can then follow more-or-less the same procedure as before, even down to fitting the thermocouple in the block (but you won’t be able to get the thermocouple back out easily, so make sure you can afford to lose it). Sandwich the two surfaces to be bonded together within the allowed pot-cure time, and then apply heat.

Again you will find that rapid heating to 150°C or so is sufficient. In this case, however, the bonding formed will be permanent. The adhesive forms a solid gel within seconds, and this, on cooling to 50°C is fairly strong (handling strength), although its full strength will not be reached for another hour or two. The adhesive system is speeded up from 24 hours to just minutes—a speed-up factor of 100×.

Try applying an additional small current after the initial cooling, in order to keep the joint at 50°C or so. That should allow you to accelerate the cure to full final strength. (Look at the temperature plots from earlier tests.) Or could you keep the temperature up as high as 150°C for longer without burnout? That would give an even more accelerated curing time. Can you see any hint of the exothermic reaction—the epoxy polymerization? The polymerization reaction itself should heat the mixture slightly.

The Ciba-Geigy Company, makers of the famous Araldite brand epoxy adhesive, used to employ an advertisement that featured a large muscular circus strongman suspended from a block of wood glued together with their product. Could you devise a similarly spectacular demonstration of the e-glue concept? Rather than simply pulling on the handles, try suspending the assembly from the lintel of a door and pulling yourself up on the handle. Unless your joint area is small, it will easily take your weight.

How much bigger can you make the panels of glue? In order to use a longer piece of heating wire, you will, of course, need to use thicker wire, or else to apply a higher voltage from the power supply. A thicker wire is helpful up to a point, because the thermal conductivity of the wire will help to avoid hot-spots and hence burnouts. Parallel wiring could similarly be helpful.

Up to a point higher voltage is fine too, but there is a practical safety limit. You won’t want to apply domestic mains voltage (110 V or 220 V) without industrial-style safety controls. Eventually, you will run out of power for heating. The rate of loss of heat from a sandwich of wood is not particularly high, but it is appreciable.

How It Works: The Science behind Electric Glue

The spread of heat through a solid is governed by the diffusion equation until a steady state is realized. The diffusion equation predicts that heat will spread according to a square root law in time. In other words, if the heat has spread 5 mm in 10 seconds, then it will spread 10 mm in 33 seconds and 20 mm in 100 seconds. Or in regular math terms, it will spread distance L in time t according to:

L ~ [image: Image]t.

The actual temperature distribution of heat tends to follow a bell-shaped curve, with heat peaking near the source and tailing off to either side. This curve stays the same shape as time goes on, just getting wider with the square root of time. The graph illustrates the typical behavior pattern, showing the bell curve after 5 successive time intervals related by squares; i.e., 1/4/9/16/25 units, with the width increasing by equal intervals.

Why do the wires tend to go slack? Thermal expansion is a very small effect, but the geometry involved amplifies the movement. In our case, in warming up to, say, 150°C, the wires will increase in length only 0.05 percent, or about 0.075 mm on a 150 mm length, but this will allow a deflection of 7.5 mm. (I make use of this effect in the “String Nutcracker” project in my book Vacuum Bazookas.)

The increased rate of polymerization of the epoxy resin can be roughly estimated using the chemist’s old favorite rule-of-thumb that says a reaction rate increases roughly twofold for each 10°C rise in the reaction temperature. With an increase from 30°C to 150°C, approximately, the epoxy resin should set 2 to the power 13, or 4098 times faster than normal. In practice we don’t seem to see quite this amount of acceleration, but this could be put down to uneven heating, a limited amount of time at the elevated temperature, or other limits on the rate of reaction.
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And Finally . . .

You can follow the setting of an epoxy resin rather precisely by monitoring its resistance. The electric resistance of set resin is virtually infinite: it is a pretty good electrical insulator. However, the freshly mixed components of the resin do conduct electricity, albeit with difficulty. There are ionic components in the resin, although these are highly inhibited from moving because they are of high molecular weight, and because of the high viscosity of the resin mixture, which is why the current flow will be small. By devising a thin but high surface area between two plates, and filling this with resin, you can easily get the resistance down to a measurable megohm or two. As the resin sets, the resistance will rise, rapidly reaching infinity as the resin gels and the movement of ions is completely stopped. The low resistance at first simply shows the mobility of the ions in the adhesive supplied. The even lower resistance when the adhesive is first heated illustrates the effect of the high mobility of ions in the hot liquid adhesive. This falls as polymerization begins, however. And as the adhesive cools even those ions become less mobile, and the resistivity tends to infinity. For more insights into this process, take a look at “A Polymerizing Clock” in “Cloxotica,” a little further along in this book.
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13. ELECTRIC GUNPOWDER—EXPLOSIVE ELECTRICITY!



The beauty of electricity or of any other force is not that the power is mysterious, and unexpected, . . . , but that it is under law, and that the taught intellect can . . . govern it. . . . The human mind is placed above, and not beneath it.

Michael Faraday, lecture notes of 1858

In times of peace, explosives are not consumed in any great quantity by the military. This was just as true centuries ago as it is today. Much larger quantities of explosive are actually used in mining and quarrying. In the good old days gunpowder would be charged into holes in the rockface and then ignited by hand, using a variety of ineffective methods to try to protect miners from the blast. At its most crude, a thin trail of powder would be poured along the ground from the shot hole, and the end of the trail ignited while the miners ran for cover. There were better methods: black powder, for example, could be packed into goose quills, which burned a little more predictably than a trail of powder. Another method used to ignite the charge was the slow match, a string impregnated with nitrate to keep it alight as it burned slowly, like a small glowing coal, along its length. But a slow match could burn faster than normal if a wind came along to drive the flame.

The invention of the safety fuse by William Bickford put an end to this perilous era in 1831. The Bickford fuse allowed for much safer blasting than was possible under the generally abysmal conditions that prevailed in mines of the Victorian age. In the Bickford fuse, a precisely metered quantity of carefully graded black powder was dribbled into the middle of a plaited cord. The resultant powder-cored string could then be waterproofed if need be. Mass production methods used in the manufacture of these fuses were not only efficient (and profitable), but also ensured great consistency and reliability. Bickford revolutionized mining with explosives.

These days, however, we achieve higher levels of safety through the use of detonators or electric igniters. These vary in their designs quite a bit, but many are based on the principle of heating a small wire briefly by passing a current through it. The hot wire ignites a tiny pyrotechnic or explosive charge, which then sets off the firework or the explosive main charge. Making these—and, what is more important—making them reliable—is an art and science in itself. In this project, we will look at a much simpler concept, one that doesn’t make any promises of reliability. But, on the other hand, it doesn’t require much art or skill to make it work . . .

What You Need


An exploder, a large (red?) push-button switch

A mortar and pestle

Sodium chlorate

Iron filings

Small plastic tubing; e.g., 6 mm OD × 4 mm ID (1/4" × 3/16")

Bolts to fit tubing tightly

A 12 V (or other) power supply; e.g., a car battery charger

Alligator clips, wires, etc.

 

Optional

A 20 A auto fuse



What You Do

FIRST, read the hazard warning! A short length, just 30 mm (1¼") or so of plastic tubing will contain the electric gunpowder, while two bolts tightly screwed into each end of the tubing will seal up the open ends and also provide electric contact with the mixture.

First put a few grams (about two level teaspoonsful) of the yellow chlorate in the mortar and grind away with the pestle for two or three minutes, until the material looks like fine white sand—not quite as fine as flour, but much finer than typical beach sand. Now put on heavy leather gloves, and mix in a similar quantity of iron filings. Blocking up one end of a piece of tubing with a bolt, scoop the mixture into tubing. When it is nearly full, tamp it down with an undersized bolt, and then screw the second bolt in.

[image: Image]

At this point, you must screw the two bolts in until they compress the mixture so tightly that its constituent iron filings contact each other in a continuous path and it becomes electrically conductive. You will need to achieve a resistance of less than a few tens of ohms, ideally less than 10 ohms. Monitoring resistance with a multimeter as you rotate the screws will enable you will know when you have succeeded. It may be that the mixture, even when heavily compressed, will still not conduct. In that case you may have to add more iron filings to the electric gunpowder in the mortar and repack the tubing.

Now go outside, place your electric gunpowder tube on a concrete slab, and hook up the power supply to some long wires via the large red switch. I tested the device using wires with a length of 3 m (10 feet) and a 12 V battery charger. The charger had a 20 A fuse in it, which seemed OK, but adding an additional fuse of the same size might be a good idea, as it would protect your power supply from possible damage.

Now push the switch. With luck, there will be a momentary delay, then a flash of orange from the tube, followed by a burst of yellow flame from a small hole in the plastic tube.

Although I found that approximately equal volumes of filings and chlorate gave a mixture that could be compressed fairly easily to a conductive state, you would ideally choose to use more chlorate: the electric current needed to heat the mixture initially would be smaller, and the mixture would burn better.

How long is the typical delay before a flame gets out? Can you shorten this by using a higher voltage—or is it really just a function of the mixture? Is there an effect from the resistivity of the mixture?

You can use electric gunpowder to ignite explosions of course. Apart from its (obvious) use to set off fireworks on New Year’s Eve, on the Fourth of July or (in the UK) on the Fifth of November, you could also use it to light bonfires or just to burst a balloon. As with our Sunbeam Exploder, you will get a bigger bang by putting one balloon inside another and inflating the doubled balloon to the maximum pressure possible.


Hazard Warning

It shouldn’t come as a shock to anyone that gunpowder—even the very weak form we are making here—is dangerous. But a few elementary precautions will prevent mishaps. First, as with any potentially explosive mixture, don’t confine it inside anything stronger than the plastic tubing suggested. A bang is one thing, but you don’t want anyone—including yourself—to be hit by flying shrapnel. Second, don’t make more than a few grams. Third, keep naked flames or sparks well away from the mixture. Fourth, there is just a chance that friction could ignite the mixture—although I have never seen this happen—so wear heavy leather gloves when handling the assembled tube.

Now for some notes on sodium chlorate. Like most things that aren’t actually food, chlorate is poisonous. Not wildly poisonous, but it does kill plants (it is sold on a large commercial scale as a weed-killer) and has the potential to kill incautious humans. The fatal dose is thought to be more than 214 mg kg-1 or around 10 g if you weigh in at 50 kg (110 lb). That compares to more than 40 g for a fatal dose of table salt (sodium chloride), and possibly as little as 1 g for a fatal dose of potassium nitrate, the biggest constituent of black powder. So chlorate is not especially toxic. But do wash your hands after using the stuff.

Sodium chlorate needs to be washed down the sink with lots of water after use. If tipped onto dried plant material (dried up grass in your backyard, for example) it will form a flammable material akin to weak black powder. If dissolved in water and then allowed to dry on porous organic material, such as dried grass, it is also highly flammable.



How It Works: The Science behind Electric Gunpowder

The sodium chlorate is the source of oxygen in the oxidation of the iron:

       NaClO4 + heat → NaCl + 2O2.

At high temperatures, the iron will tend to form the magnetic iron oxide magnetite, Fe3O4:

3Fe + 2O2 → Fe3O4 + heat.

Potassium chlorate, a closely related chemical, is widely used in fireworks and also in the humble match. The potassium is preferred because, although heavier for the same amount of oxygen released, it does not color the firework flame bright yellow, which sodium does. (Of course, yellow fireworks do use sodium chlorate).

The energy to initiate the chemical reactions comes from the pulse of electric current applied. With a 12-V supply running at, say, 2 A, the power input will be just voltage times current, which comes to 24 W. How quickly will this heat up the mixture to ignition temperature? Well, we know that the temperature will ramp up at a rate given by the power divided by the heat capacity of the gunpowder. If our tube contains 0.5 g of powder, and we take the heat capacity to be 1 J g-1 K-1, then it will heat up at 48°C per second. With ignition at, say, 500°C, we would expect ignition after 20 seconds.

In practice, as you have probably seen yourself, things happen a little quicker—in just two or three seconds, or even less. This probably reflects the fact that the volume of the mixture that needs to be heated up may be much smaller than the whole volume of electric gunpowder. In fact, we probably only need to heat up a volume sufficiently large that it can’t cool down too quickly; in other words, we need to heat up a critical mass of gunpowder, and that is a lot less than the whole volume of the tube. The other effect that is operative here is that the resistivity of the mixture affects the current that we can get to flow. With a high resistivity mixture, you often get a misfire, because even with current flowing for a minute or two, the powder doesn’t get hot enough over a large enough volume to ignite.

And Finally . . .

You could try other oxidizers in your electric gunpowder. Consult chemistry books—or people you know who have studied chemistry—for ideas that might work safely. Modern fireworks often utilize potassium perchlorate, for example, because it is a powerful and stable oxidizer. It is regarded as somewhat more stable than chlorate, in fact.

Patents
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14. AN EIFFEL BRICK TOWER—EAT YOUR HEART OUT, MONSIEUR EIFFEL!



And they said one to another, Go to, let us make brick, and burn them thoroughly. And they had brick for stone, and lime had they for mortar. And they said, Go to, let us build us a city and a tower, whose top may reach unto heaven. . . . Therefore is the name of it called Babel.

The Holy Bible, KJV (1611)

 

Towers of bricks, you may be muttering. That’s not even kids’ stuff. That’s little kids’ stuff! And it is true that the average two-year-old can construct a tower of three or four wooden blocks laid on top of each other. In fact this skill is actually used to evaluate the development of a young child’s brain and muscular coordination.

But with some ingenuity, plus a stepladder and a few other odds and ends, you should be able to produce a tower of somewhat more serious dimensions. Up to around 4 m or so (13'4") should be possible, I reckon. At that height, you may need to warn people to stand clear if the tower wobbles. Just a tad higher and your construction team will need to deploy scaffolding and put on hardhats.

What You Need


Wooden blocks

A bubble level

Thick paper (or similar thickness metal or plastic) for shims

Plywood platform pieces

 

Optional

A laser or laser level

A stepladder

Micrometer calipers

Elastic (rubber) bands



What You Do

It is pretty obvious that the main thing that you need for this is a seriously large number of wooden bricks. It is less obvious that you will also need some wooden platforms and a bubble level. My suggestion for the design of the tower is that you first construct three or four columns of piled blocks, as high as you can, and then add a single spike of piled blocks on the very top. But, of course, the essential feature that you’re aiming at is stability. The platform’s function is to stabilize the whole wobbly edifice by binding the columns together. A set of platforms—just pieces of plywood—gradually decreasing in size is needed. You should build the columns wider at the base and narrower as you go up. Gustav Eiffel’s tower in Paris is an example of the principle on a monumental scale. And of course, you should put the largest (thickest) blocks at the bottom, choosing those that are round or square in cross-section over oblong blocks.

Should you orient the blocks with the wood grain vertical or horizontal? Most wooden blocks are reasonably solid in both directions, but they will have greater rigidity in the direction of the grain, so that points to orienting the grain vertically where possible. On the other hand, you will often find that wooden blocks are more consistent in their dimensions across the grain, and the sides are apt to be cut straighter, too, so you may find that it works better to orient the grain sideways. It all depends upon the manufacture of the blocks. You will also find the odd rogue block whose sides have small imperfections, woodchips encapsulated in the varnish or something of the kind. You can sandpaper these pips off, or try to true up the sides of the blocks, but it is probably best just to set them aside.

You will also need some shims, thin pieces of reasonably incompressible material—pieces of thick paper is my suggestion, although something less compressible like thin metal or plastic might be better. Even if you have selected the blocks carefully, you will find that after piling up a few dozen differences in the heights of the sub-towers will accumulate. If one column is measuring a little short, then build it up a little with shims. You can estimate the degree of tilt to be corrected by putting a bubble level across at each platform. It is best not to fold the paper shims, but to use multiple flat pieces, so as to avoid the possibility that the fold might produce a spring-like effect.

[image: Image]

You can sometimes avoid the need for shims by selecting the blocks carefully, avoiding those that are clearly not of the correct size (as well as those that have not been cut quite square). To do this properly, however, you will need to use micrometer calipers—the electronic type are not expensive—to measure each block.

To guarantee that the tower is truly vertical, a laser is helpful. You may be able to find a builder’s laser level, which you can set up to shine vertically by using one of its bubble levels. Otherwise, glue the laser to a block, using a bubble level and a ruler to position it at a true vertical. If you put a hole in each of the platforms, you can then use the beam as a guide to setting up a tower that is much more accurately vertical. It is helpful to find the beam position by putting a piece of paper across the hole in the platform at the top and looking to see where the beam spot falls. As always with a laser—even an eye safe laser, don’t look down the beam.


ADDING A TENSILE ELEMENT

As an alternative to the platforms, try adding a few elastic bands. An elastic band allows you to tension a set of blocks together. You can make beams, three or four of which would replace a platform. Get someone to hold a starter block firmly on a surface, with an elastic band around it, while you add 5 or 6 blocks above the block, making sure that the band has enough tension to hold the row of blocks without them falling apart when you pick it up by the ends. Such beams can also be used as the top spike on a tower.

For a four-column tower, you can even make a complete 4-beam-square platform using just one band around the whole thing. This is a little bit trickier to hold together while you get the elastic band around. You’ll need an assistant to hold everything in place while you get the band on. And when you pick it up, it will need careful support at the corners. Once in place in the tower, however, it will do its job of stabilizing the columns nicely.

The addition of a tension element adds enormously to the possibilities of block building. The possibilities are reminiscent of the revolution in construction that came about at the end of the nineteenth century when steel reinforcement was added to the art of concrete.

[image: Image]



The other hint I would give is to use a very stable base. Building on sand is manifestly a bad idea, but you might be tempted to think that a carpet is good enough. It ain’t. With the weight of wooden bricks we are using here, the carpet is much too squashable.

Once you have proved what an extraordinarily high tower you can construct with these simple wooden blocks, you might like to try some variations. (I’ll bet you were expecting this suggestion . . . ) So, what about those platforms? Do they have to be of solid wood, or could you make them from paper or thin cardboard? What other tiny building blocks could you use for the tower? Could you use stabilizing cables, like the ones supporting a guyed tower? Guy ropes connected to the upper platforms could be run back to pegs on the ground. Some might object to this as cheating, but they do work. In fact, the world’s tallest freestanding buildings are all still shorter than the tallest guyed metal towers, the ones used to hold radio antennas aloft. They are admittedly a different—and somewhat easier—kind of challenge, so antennas are not included in tallest buildings lists.

Towering Science

How high can you actually build before the wood collapses under its own weight?

The compressive pressure (P) inside a columnar tower of height (H) grows as the height increases:

P = ρ g H.

Eventually, a tower will become so tall that the pressure will exceed the strength of the material (whether wood or concrete). Actually, concrete typically has a strength of 20 MPa (200 atmospheres pressure) and a density ρ = 2400 kg m-3 so that if you happen to be on the Earth (gravity g = 9.81 m s-2, you could build a tower of height H by employing the following rule:

20 MPa = 2400 × 9.81 × H, giving H = 850 m.

850 m is 2,800 feet, or about 283 floors. As it happens, the tallest building around these days is the Burj Khalifa in Dubai, Arabia, which fits pretty neatly with the calculation: it is 828 m high.

Of course, we could build higher, if we used stronger materials—it is possible to mix up much higher-strength concrete, and steel would be both stronger and lighter. And even with rather weak concrete, by making the tower thicker at the base and thinner at the top, it could be made higher than this simple calculation. In fact, there is little doubt that a mile-high building is possible, and plans already exist for such structures. But do we really want such a building? How long would it take to get to the top in an elevator? (In “The Helevator” in “Great Stuff” we will look at possible solutions to the elevator problem.)

The science of reinforcement is also worth exploring. The tension ([image: image]) you need to hold together a horizontal beam made of blocks, can be estimated by taking the example of two blocks, each L long, h high, and of mass M, held together with a band. This situation is a little like the textbook example of a beam holding a weight M, and it has the same answer:

[image: image] = M g L / h.

So if you want to keep a long row of blocks together, you will have a big L. And for a big L, you will need high tension ([image: image]), unless your blocks are very light (their M is small) or are very high (their h is big).

And Finally . . .

Other constructions you might like to try:

 

Sand as Cement

Try constructing a tall building using perhaps slightly larger bricks and putting a small amount of very fine sand between them. This isn’t as easy as using dry blocks, but it can be made to work well. In fact, you may get a surprise: the sand can actually make the tower more stable. This illustrates some of the function that mortar plays in brick and stone buildings. Its primary function is not to glue the bricks or stones together, although in that regard it may help a little. It mostly just allows the structure to be more rigid and avoids the instability that could be caused by the spaces between somewhat uneven bricks, spaces that you can also eliminate with the skilled use of your shims of course. With sand in the joints, and with the building settled, the stress will tend to be shared between most of the bricks, making the tower more stable, less likely to rock from side to side, and putting less stress on individual bricks. Not only that, but with the sand under stress between the bricks, the bricks cannot slide across each other easily, and failure via the sideways slipping of bricks is thus less likely. Sand is not perfect. It will sometimes run out a little in places where it is under stress and allow collapse, even though in other places, it will be retained by that stress and hence resist collapse.

Sand and Random Flints

You can actually build surprisingly well using random flints, and you can even cement the flints with sand as well. Find a source of flint rocks of handy size (10 cm (3") or so)—or just dig them out of your backyard if you happen to live in an area where there are flints in the dirt—areas of chalk rock often have lots of flints that are easily dug up. (In the U.S., try parts of Oklahoma, Arkansas, or Texas.)

Try piling the flints over an arch-shaped former placed on the ground, putting sand between them all. The former could be, for example, a simple sheet of 1 or 2 mm steel, 600 cm × 300 cm, bent into an approximately semicircular arch. On top of a former that is about a foot wide with about 30 cm (a foot or two) of passage width underneath, you should be able to build an arch 20 cm thick. Don’t forget to build up the abutments thickly too (the abutments are the two solid piles of stones and sand at either side of the arch proper). Compact the materials with your feet until they feel fairly solid, and then have a go at withdrawing the former. With luck, taking the former away will loosen a few stone from the underneath and the edges, but the arch as a whole will hold. Now try standing on top of the arch, gingerly. You may well find that it collapses. Try again, and after a few tries, you should be able to produce a working arch that will take at least the weight of a smaller teenager, and, eventually, the full weight of an adult.

The effect of the sand is absolutely key in random-flint construction. You won’t get anywhere at all using the flints alone. Only the filler effect of the sand allows the flints to interlock and hold together under gravity and friction.
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15. DOMINOIDS—FOUR-FOOT BROBDINGNAGIAN MONSTER DOMINOES WILL HIT THE FLOOR AT THE END OF A ROW OF STANDARD DOMINOES



The germs of existence contained in this spot of earth, with ample food, and ample room to expand in, would fill millions of worlds in the course of a few thousand years.

Thomas Malthus, Essay on the Principle of Population

(referring to exponential growth)

There is something compulsive about setting up rows of dominoes and watching them fall down in a chain reaction when you knock over the one on the end. Grand competitions have been staged, involving stupendous numbers of dominoes, each contestant seeking to grab the world record for the number toppled in one sequence. The graph shows how over thirty years, the number of dominoes toppled has climbed steadily from a fairly silly 11,000 to a completely preposterous 4.5 million!

In the more recent record-breaking attempts—those featuring 4 million or so dominoes—the pieces usually are not arranged in a single row, but rather set up to form patterns, pictures, flags, etc., using different colors—and the sequence is designed so that many dominoes are falling at any one time. Why don’t the enthusiasts set the dominoes to fall one at a time? Well, standard dominoes have to be spaced about 2 cm (3/4") apart, and they fall over at a speed of roughly 0.8 m s-1 (1.6 mph). So if all 4.5 million dominoes were lined up in one row, they would stretch out over 20 km (12.5 miles) and it would take them seven hours to finish falling over!
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Here, instead of going for a record number of dominoes, we are heading for records in another department—size.

What You Need


Standard dominoes

Wood to make bigger dominoes



What You Do

As we discuss below, you can make dominoids out of almost any material. But probably the easiest thing to use is wood. Scaling each dominoid by about a factor of the cube root of 2, which is 1.26, works well, although slightly larger scaling is possible.

It is a good idea to make them all roughly solid, increasing by a factor of about two in weight each time. You can use sawn board or chipboard, separated by a set of timber pieces to make a solid piece to the correct scaled thickness, screwing and gluing the larger ones and just gluing the smaller ones. But before putting a lot of effort into building large dominoids, test how smaller ones behave . . . .
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Domino Dynamics

Stand up a set of standard dominoes in a row and then knock over the one at the end. The result—they all fall over, one at a time. Nothing subtle about that. Or is there? Of course, they have to be a sensible shape for falling over, and you have to space them the right distance apart: too far and they simply miss. But that is not all there is to it. For example, exactly how quickly do they all fall over? Take the distance between first and the last domino, divide it by the time the whole row took to fall, and you will have the toppling wave speed or topple propagation speed (TPS for short). Does it depend upon the thickness of the dominoes, or only on the spacing? How much does the TPS depend upon the spacing? And how fast would the dominoes fall over on the Moon? There is quite a bit of subtle science here.

One way of checking TPS on large numbers of normal-sized dominoes is to buy a Domino Rally or similar toy set, which includes gadgets of different kinds that help with setting up a lot of dominoes: a motorized domino-layer, for example, or flip-stick dominoes. The former is an electric toy truck that hauls dominoes and sets them up behind it as it motors along. It is fascinating to watch. The latter is a row of dominoes that are hinged in a clever way. After you’ve knocked them over, you just pick up the entire stick and move it to the vertical. The dominoes then each flop back onto a stop that puts them near vertical. Put the flip-stick back on the ground and all the dominoes become vertical, ready for another toppling wave.

Dominoids and Dominoid Amplifiers

Move away from real dominoes to dominoids (domino-like shapes) and the questions multiply still further. If you simply scale the dominoes up, they must surely still function like dominoes. But does the topple propagation speed stay the same, or does it increase with the size of the dominoids?

Consider a set of dominoids of increasing sizes knocking into each other. Clearly a very small dominoid will not knock over a very large one. But what are the limits? And what is the TPS when you have assorted sizes? Can a dominoid of sides X, Y, and Z topple a dominoid of sides 2X, 2Y, and 2Z, or is the scale change of 2 too big? Would a scale change of 1.5, or 1.4 be OK? Is there any limit to the process? Can a dominoid of side X topple one of side 2X, which in turn topples one of side 4X, and so on until, after 8 dominoids, the process that began with a 1½" (3 g) domino toppling ends with a monster dominoid 30 feet high and weighing 50 tons crashing to the ground? That, of course, is what we would call exponential growth, or Malthusian growth when it happens with populations of animals or humans.

Test out the principles of dominoid amplification first with fairly small dominoids. Try to keep the “aspect ratio”—the ratio between thickness and side lengths the same—until you have some experience of what works and what doesn’t. Make your larger dominoids by taking sections from pieces of wood; maybe scrap wood of some kind, and gluing them together to get the correct dimensions. Take advantage of whatever material comes to hand. Can you cut up an unwanted door to make a dominoid or two, for example? Larger pieces of wood make a satisfyingly larger amount of noise when they topple. But watch out—especially watch your toes!—once you go over a couple of feet in size. Safety shoes with reinforced toecaps might be helpful, too, as you get to even larger sizes.

Large dominoids also make it easier to measure the set-up and the speeds involved accurately, without erecting huge numbers of dominoes. You can time the toppling propagation speed, and check out how it varies with the spacing.

We tried dominoids that scaled about 1.4x for each step, so we could get from the smallest real domino, an 8 g (¼ oz.), 45 mm (1 ¾") pipsqueak to a wooden monster 1 m (3½') high and weighing 25 kg (55 lb) in nine steps. That last dominoid falls over with quite a thump!

How It Works: The Science behind Dominoids

Standard dominoes are formed from a double square of wood or plastic material about 5 mm thick (a little under ¼"), and around 44 mm long × 22 mm wide (a little under 1" × 2"). They weigh just a few grams.

If the first domino has size S1, and the next one is, for simplicity of calculation, one and a half times bigger, then mathematically we have:

S2 = 3/2 S1.

Now if S3 is one and a half times S2 then we have:

S3 = 3/2 S2 = 3/2 . 3/2 . S1.

And following the same principles,

S4 = 3/2 S3 = 3/2 . 3/2 . 3/2 S1

S5 = 3/2 S4 = 3/2 . 3/2 . 3/2 . 3/2 S1, and so on.

We can see that we will have exponential growth following the law:

Sn = S1 Gn,

where Sn is the size of the nth domino, S1 is the size of the domino that you start with, and G is the growth factor between successive dominoes.

Is it possible that dominoid amplifiers could provide the solution to the mystery of the prehistoric Stonehenge stone circle? Could it be that the enigmatic ring of stones we see today is merely the remaining hub of a vast Stone Age domino toppling event? Perhaps those ingenious ancient Britons arranged the dominoes so that they converged on the large stone dominoids in the middle so that the event would finish with a big bang as the final Brobdingnagian sarsen stones bit the dust?

How many dominoid amplifiers would we need to get from a row of standard dominoes to a dominoid the size of the sarsen stones at Stonehenge? Well, the sarsens are about 4 m (14 feet) high and weigh in at 25 tons, so, working from 20 mm to 4 m, we would need only 14 dominoids of increasing size.
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The speed of the domino row’s fall can easily be estimated by comparing each toppling domino to an upside down pendulum. A pendulum’s swing time ([image: image]) is proportional to the square root of the length of the pendulum (L) divided by the square root of gravity (g), or [image: image] ~ [image: Image](g/L). To get the toppling speed, we should recall that dominoes are spaced apart by a little less than their length (L), so that the speed (V), distance over time, is simply given by:

V ~ [image: Image] (g L).

That the speed of falling of dominoes depends upon their size comes as no surprise. It is in fact proportional to the square root of the domino’s height. Following Robert Banks’ calculation in the reference below, you can show that the spacing also affects the speed, although not in such a simple way. Between spacings of about 40 and 80 percent of height, the toppling speed has a broad plateau—spacing doesn’t make a lot of difference, although closer spacing does give rise to slightly faster toppling.

And Finally. . .

Does the floor matter? What if your dominoes are set up on a carefully oiled surface? Will the surface tension in the oil stop them from falling over as easily? Or will the lubrication allow them to topple more readily? Or will the oil allow the dominoes to slide back as they fall and stop the chain reaction?

Does the density of the dominoes matter? The TPS formula doesn’t say anything about weight or density, so maybe you could make some dominoes out of tungsten, which is the most dense of all the common metals and almost twice as heavy as lead. Or what would happen if you moved your experiment to the cryogenics lab down the street and checked out solid hydrogen, the lowest density solid, 1/11th as dense as water and 215 times less dense than tungsten? More realistically, you might use dominoes made of a rigid foam to test the hypothesis. At building sites you can often find large scraps of Styrofoam and polyurethane foam insulation.

Maybe you could screw hinges to the forward-going side of the dominoids so that they definitely could not slip, and then see if the character of the toppling changes. Or you might think about a set of strings that would pull the dominoes upright again after they had toppled, and you could add hinges to keep them in place. This would be the equivalent of the flip-stick gadgets used for righting standard dominoes.

Finally, you might put your thinking into reverse and figure out how small you could make your dominoid amplifier set. How many stages would you need to get from toppling over a dominoid of molecular size, say 1 nanometer in height, to topping over a regular domino, or, 15 stages later, a Stonehenge sarsen stone?
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Puts the Stonehenge monuments into perspective.



16. COLLOONS—CIVIL AND AERONAUTICAL ENGINEERING COMBINED: NEITHER COLUMN NOR BALLOON



“One can’t believe impossible things,” [said Alice].

“I daresay you haven’t had much practice,” said the Queen. “When I was your age, I always did it for half-an-hour a day. Why, sometimes I’ve believed as many as six impossible things before breakfast.”

Lewis Carroll, Through the Looking-Glass

Impossibly thin columns are capable of supporting improbable loads . . . if all you’re looking at is compressive strength. In reality, tall, thin columns of material are incapable of supporting even a small fraction of the compressive load that they could take in short lengths. Why? It is all thanks to that curious and often unpredictable behavior we call “buckling.” Buckling is due to the instability of a tall, thin column under a compressive load. A perfect—that is, perfectly straight tall, thin column—could in theory resist the full compressive load that a column of the same material and cross-section shows in short lengths. However, in the real world, any column has slight imperfections of some kind. It is these slight imperfections that lead to a slight tendency to bend—a tendency that is amplified enormously once a heavy load is applied. And once a column has started to buckle, it becomes much weaker. There is a feedback effect: buckling leads to a weaker column, which leads to even more buckling . . . and so on, all of it happening in a mere fraction of a second until the inevitable disastrous collapse.

Keeping that in mind, we’ll move on now from columns to balloons. Ever since the invention of lightweight and inexpensive hermetic membranes, such as rubberized fabric, inventors have lined up to bring new inflatable devices to market. The references in the list on page 111 provide just a tiny sample of the massive outlay of ingenuity that has been poured into inflatables over the years. Inflatable boats and bouncy castles might be familiar to you, but there are entire inflatable buildings, inflatable military decoy vehicles, and even inflatable umbrellas.

In this experiment, we are going to explore the synergy that results from combining the best in inflatable and rigid architecture.

What You Need


Long balloons, e.g., 300 mm (1 foot) in length

Three or four small laths of wood, with a cross-section about 1.5 mm × 4 mm (1/16" × 3/8") and a little longer than the balloons

Scotch tape

A triangle or set-square

A bubble level

A test platform: e.g., a 150 mm (6") square piece of 6 mm (¼") plywood

Weights: e.g., kitchen-scale weights or books, or maybe just the books Hot-melt glue



What You Do

Inflate the balloon so that it is reasonably hard to squeeze, then tie it or plug it. Check that the balloon you have chosen is straight and of fairly constant diameter. Next, tape three laths along the length of the balloon, positioning them symmetrically, using tape at least 3x wider than the laths. You will now have a colloon unit with legs projecting at each end. Shorten these until they are only a few centimetres longer than the balloon inside. Try to tape the legs to the maximum length possible, but only up to the point where the curvature of the balloon would force the legs to curve inwards: the legs should be very nearly straight.

Now stand your colloon up on a flat surface, using a triangle to check its verticality. You will find that, unless you have been lucky, it will not be standing up quite straight. You can either shim the shortest foot up a little, or shave a little off the longer legs with a craft knife until it stands straight (but make sure that you don’t fray the ends too much). Now place the plywood platform on top, check it with the bubble level, and repeat the shaving off procedure until the platform is horizontal. You now have a basic colloon. Try loading the platform with weights, if you have them, or books if you don’t. Start with lightweight pulp paperbacks. If you find that your colloon is strong enough to support several, then take them off and try it out with heavier academic tomes (like this book) that are printed on heavier, thicker, acid-free paper. Books full of photographs with their china-clay sizing material are even heavier. If you decide to go heavier still, using iron scale weights, watch out that they don’t land on your toes when/if the colloon gives way. How much weight did you manage to get on before the collapse?
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What is going on here? How is it that pieces of wood with such a preposterously small cross-section can support such a large weight?

We will look at column theory in more detail below, but basically, column theory tells us that there is a limit to the amount of weight that a column can bear, which depends somewhat upon the column’s cross-section, but mainly on its length/diameter ratio, also known as its “aspect ratio.” Long, thin columns, with huge L/D ratios will buckle before shorter fatter columns, and really short, really fat columns won’t buckle at all. Only in the latter case will the column display the massive compressive strength of the material of which it is made.

The column cross-section enters into buckling theory via the concept of effective diameter and the calculated moment factor. Some column cross-section shapes have a large effective diameter relative to a solid cylindrical column. A tubular column, for example, or an I-beam. Others have an effective diameter that may be smaller than that of a solid cylindrical column: a flat strip such as we are using, for example.

Now, a column will only buckle if it can move sideways. This is where the balloon makes all the difference. Push on a balloon and it pushes back. The balloon skin has a tension that exerts a restraining force on the wood, preventing a buckle from starting. When you load up a colloon, the laths of wood will try to buckle, moving sideways slightly in their middle parts. But they are prevented from moving more than a tiny amount into the balloon by the balloon’s tension, and also prevented from moving away from the balloon by the tape.

The legs are a weak point, since they are unsupported by the balloon’s tension. They will behave like standard columns and will buckle at rather small load factors, if they are too long, buckling, as you might predict, in the middle of the unsupported section.

You can try to make some simple improvements in your colloons. For example, try putting a blob of glue on of the legs and pressing onto the flat surface, and, similarly, glue the plywood platform onto the tops of the laths. You should find that the colloon will now bear more weight than before. The ends of the wooden laths, which may have been slightly split when they were cut by the knife, are strengthened. Also, the legs cannot slip or bend at their ends if they are glued. In column theory, whether the column is glued down or free to bend or slide at its ends makes quite a bit of difference in its buckling point. Similarly, you could try to prevent the legs from buckling by choosing a means of support other than a balloon: you could add a bracing piece of wood to produce a T-shaped cross-section beam. T-shaped beams are less common than I-beams, but they are used here and there in industry, because they allow a much larger compressive stress to be applied to a piece of steel.

Colloons can be easily made longer or larger overall, of course, if you can obtain suitable longer or larger balloons. Or you could use two, three, or more balloons with one set of three wooden laths. The latter has the disadvantage that the section of wood between the end of one balloon and the beginning of the next is unsupported, and so could buckle, if the wood is too thin and the load too great: these inter-balloon spaces are weak points, even more so than the legs at each end. Perhaps you could use wood bracing just at these spots.

Finally, what happens if the balloon goes pop? Set up a colloon, preferably a big one, carefully constructed and loaded with suitably heavy weights. Try bursting the balloon with a pin, a lighted match, or maybe even a Sunbeam Exploder (see earlier in “Simple but Subtle”); but, whatever your method, make sure that when you burst the balloon you don’t push the assembly sideways and help to push it over. Take a video so that you can take a close look at what really happens in replay, frame by frame and in slow motion. How long will the colloon remain in place without the balloon? You did make sure that everything was strictly vertical? Remember, too, that you will not have decreased the compressive strength of the wood by bursting the balloon, so the colloon should stay up, right?

Multicolloons

You could try producing a construction using sets of collaborating colloons.

First inflate the balloons so that they are reasonably hard to squeeze, trying to choose uniform balloons and inflating them to a pressure that gives the same diameter for each. You could start with a symmetrical 7-fold multicolloon in a hexagonal configuration. An even larger symmetrical configuration would be a multicolloon consisting of a central core of 7 surrounded by further colloons, making it into a 19-fold assembly.

Now, a higher multicolloon can be made simply by stacking single-balloon-high units. But it could be improved through the use of overlapping or staggered joints—a bit like overlapping the bricks when you build a wall—using balloons of different lengths. Either by using shorter and longer balloons, or by twisting off some balloons, make some of the balloons half or two-thirds of their normal length. The overall construction will end up looking a little bit like the microstructure of a piece of wood. In wood, the cell walls that provide the material with strength are long tubes. However, they have transverse walls as well, and these are staggered in a way that resembles a multicolloon with staggered joints.

How It Works: The Science behind Colloons

The buckling of columns can be fairly accurately predicted. The maximum loads can be taken from tables, or, in the case of simple shapes, derived from equations like those first figured out by Leonhard Euler. First calculate the aspect ratio (the length-to-diameter ratio) of the column.

The maximum stress (Smax) that the column can take before buckling is proportional to the Young’s Modulus (E), which gives how rigid the material is, divided by the aspect ratio L/R or A, squared:

Smax ~ E / A2.

It is clear from this formula that if you make A large—in other words make your column long and thin—then the column will be exceedingly weak. If buckling starts, even just a few millimeters of movement, it will rapidly get out of control and the column will fail completely. Similarly, if you make the column out of jelly (with E being small), then it will wobble and buckle.

To use the tables of buckling in civil engineering books, you need to know the moment of the cross-section of the column. The moment of the cross-section can be calculated via the integral over x and y of the quantity R3 after first centering the column so that its center of gravity lies along the axis, from which R is measured. The further you are from the origin, the greater the stabilizing effect versus buckling the material of the column will provide. So fatter cylinders are better than thinner cylinders. But in the colloon we of course avoid the onset of buckling in our otherwise impossibly slender columns through our ingenious use of the balloons.

What is the surface tension in the balloon? For a spherical balloon, the answer is simple: it is the same in all directions in the surface, and approximately equal to half the pressure multiplied by the radius of the balloon.

The tension in the cylindrical skin of a pressurized long balloon is not, however, the same in all directions: it is, in fact, twice as much in the circumferential direction as it is in the axial direction. This is the reason that sausages tend to split parallel to their axis when you fry them. In the end caps of the long balloon, there is the same surface tension in all directions, just like in a completely spherical balloon. But surface tension has a value half of that in the tangential direction in the cylinder and the same as that in the axial direction in the cylinder.* The extra tension in the skin of the balloon along the circumferential direction may actually help, since it is this tension that determines how effectively the balloon stops the laths of wood from deflecting from straight.
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And Finally . . .

What other method could you devise for building a lightweight structure that makes full use of the compressive strength of the material? Nature provides some clues. Pick up a piece of balsa wood, for example, or look at a bird bone under a low-power microscope, and you will see a microstructural web of material. The bone or wood forms a kind of foam made up of elongated bubbles running in one direction, forming what amounts to many sections of hollow column that cannot buckle under compression.

A Swiss company, Airlight Ltd., is using a combination of inflated tubes and tensile elements to engineer bridges that weigh only a few hundred kg, but which can support tons.

An unmanned spacecraft—a satellite—has to be packed into the nose-cone of launcher rocket. The nose-cone of even a large rocket like a Delta IV or an Ariane III is, however, a rather cramped space, so the passenger spacecraft have to be small enough to fit inside. But they often have a need to deploy very large structures when they get into space. Solar cell arrays need to be of very large area to collect enough power to run the satellite, for example, while radio antennas have to be large to sufficiently focus the energy of their beams. These are structural challenges worth exploring. Look up some of these structures on the NASA website or in the book by Christopher Jenkins cited on the next page.

Arguably the most spectacular example of strength to weight ratio yet achieved is the man-powered aircraft. This dream of Leonardo da Vinci (and of many others over the ages) was finally achieved in 1937 when a German plane called the Mufli, based on a structure of balsa wood and aluminum was pedaled for flights ranging hundreds of meters. Over the next forty years, huge gliders that weighed less than their pilots were constructed and flown distances that gradually grew longer. This progress culminated in the stupendous achievements of Paul MacCready and his Gossamer team. In 1979 Bryan Allen pedaled their Gossamer Condor, a glider made of ultra-light carbon composites, twenty-five miles across the English Channel in a salute to Louis Bleriot, and then went on to further triumphs.
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* A pressurized vessel like a gas cylinder consisting of a cylinder joined to two hemispherical end caps is not evenly tensioned. In fact, if you made the cylindrical barrel part of a gas cylinder with metal having a thickness of , say, 10 mm, the correct thickness for the two end caps would be half that—just 5 mm—since they have half the amount of stress on them.



17. MOTOR BRUSHES—THE SCIENCE OF VIBRATION-DRIVEN VEHICLES IS APPLIED TO A HUMBLE HOUSEHOLD BRUSH



I’m pickin’ up good vibrations . . .

The Beach Boys

The Motor Brush is an animated brush. In my book Vacuum Bazookas, I named a simpler sort of animated brush a Dougal, after the character Dougal (spelled “Doogal” in the North American version) in the Magic Roundabout animation. Seems somebody has been animating brushes for a while now! But exactly how do you go about doing that without the magic of an animation studio? Well, it’s all about good vibrations. . . .

What You Need

 

Two electric motors

An eccentric wheel

A propeller

A battery box

Batteries

A switch

A brush: scrubbing brushes, shoe brushes, and other types can all work well

Balsa wood (all you need are some small scrap pieces)

Glue

A smooth floor

Optional

A balance wire

Strips of wood and tape to make racetracks

What You Do

The first task is to check out your brush. It must sit politely on its bristles without falling over, and the bristles should all be of a similar length. If the brush you have doesn’t quite conform to these requirements, then you may need to do some trimming. But be careful, brush-trimming, like hair-trimming, is trickier than it looks.

That done, it is time to start gluing the working machinery onto the brush. Fit the propeller and its motor so that the propeller can rotate freely. You can make a Motor Brush with either a pusher or a puller (tractor) propeller. Just make sure that the propeller blades are the correct way round, and that the motor turns in the correct direction. The propeller, if mounted wrongly, will still work, but only at half the normal efficiency.

The vibration motor and its eccentric wheel need to go in next. You may be able to find a motor like those used on electric toothbrushes or shavers, which are already fitted with an eccentric wheel. Even mobile phones often have a tiny motor with an eccentric weight fitted for their silent alarm function. Ideally, the wheel should be mounted fairly close to the center of the device, although this is not critical. More critical is ensuring that the center of gravity is more-or-less in the middle of the brush. This can be achieved by the correct positioning of the battery box. The switch should be mounted away from the propeller to avoid injuries.
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I wired up Dougals using a soldering iron to join the wires before learning a lesson about the effects of vibration. If you simply solder the wires on, you will find that pretty quickly the vibration intrinsic to the Motor Brush causes the wires to break off. The solder makes them stiff near their ends and easily subject to metal fatigue and failure. You can prevent this by using a glue gun to form a strain relief cone of hot-melt adhesive around each wire.

Now it’s time to switch on your new Motor Brush and give it a whirl. How fast does it go? What surface does it run on best? How straight a course can it run? You could glue on a small stick or stiff wire—a balance bar—projecting out from the brush with a small clay weight attached at its end to help your Motor Brush to go at least roughly in a straight line. Weighing down one side of the brush like this will cause it to turn toward that side as it goes forward. With luck, your machine will go straight ahead as well as in a straight line—but this is not guaranteed. If the machine goes sideways—crab-fashion, you might say—then you may just have to live with this flaw. Motor Brushes are unpredictable.

Why not set up a racetrack for your brushes? The easiest way is to tape some thin (just a few millimeters will do) strips of wood or other material to the floor, or to a table top, forming a road. The Motor Brush should just run up to one strip or the other and then turn and follow it along, unless is happens to hit nearly at right angles. You can fashion bends by placing strips at 45 degrees—full curves are not needed. And if your friends have made their own Motor Brushes, you can even have a race, although it has to be said that the furiously whirling propellers can produce some rather dramatic collisions! Widen out the roadway formed by the wood strips so that there is some chance for overtaking.


Hazard Warning

You really need to watch out for the whirling propeller. It can deliver a stinging blow if you catch it going around at full speed. It is small and light enough not to do your fingers any harm, but you do need keep your eyes well out of the way. And make sure that you have rubbed the tips of the propellers on a piece of sandpaper to remove any sharp pieces of plastic; there is often flash—left over from the plastic-molding process in manufacturing.



Now try disconnecting the eccentric weight motor. Does your brush still move? Can you make it go by attaching clay to the tips (or to just one tip) of the propeller with some tape? The clay will need to be put on very securely with a wrapping of tape or it will go flying off.

Troubleshooting


Rapid twirling motion: Does the brush have something sticky trapped on it? Have you balanced the clay on the balance bar?

Slow progress: Is the eccentric large enough to ensure that the machine is easy to push? Try putting it on a slope with the propeller removed to see how easily it moves with gravitational force. If it goes down the slope easily, then the problem may be propulsion rather than vibration. Try improving the propeller motor or its propeller.

Propeller slow, airstream weak: try a lower pitch propeller. The optimum propeller for this project would be one with a very low pitch—a 3" (75 mm) pitch or less on a 100 mm (4") propeller, for example. Often a high-pitch propeller, which you might think should give a higher speed airstream, will overload the motor, causing it to run so slowly that it can’t get up to an efficient speed.



Things to Try


	Try putting extra weight on the eccentric. You could carefully tape on some clay, or maybe a small piece of steel, lead, or some similar material.

	Try powering the propeller motor differently. Can you use more batteries for it rather than relying on the same voltage?



How It Works: The Science behind the Motor Brush

You can think of the brush as leaping into the air momentarily as the eccentric motor turns. While it is in the air—or at least while it is not glued to the ground by its full weight—it can be driven along easily by the thrust from the propeller.

Consider now a Motor Brush with overall mass M and an eccentric motor weight of mass m. When the latter rotates at a speed of F revolutions per minute, it will need to accelerate the little mass (m) at an acceleration proportional to F and to the radius of the eccentric with the mass (m) on it. If the force needed to rotate the little mass (m) is greater than the force of gravity acting on the whole vehicle, which is just M times g, the Motor Brush will take off. Specifically, the requirement for take-off is:

m ω2 r > M g,

where ω is the angular speed of the vibration motor, which is just 2π times the revs per second.

In fact, with a 2000 rpm motor, an eccentric mass of just 2 g on a radius of 1 cm will lift a 200 g vehicle momentarily into the air.

And Finally . . .

Think of the brush part of the vehicle—the Dougal—as equivalent to the lift fan of a hovercraft, or the wheels of an airscrew-driven car. What different variations of Motor Brushes could be devised? You might put together a Motor Brush Train, where one or more brushes (the cars) have only vibration motors and are towed along by a Motor Brush with a propeller or by a conventional vehicle of some kind (a toy electric car or robot would work). Or what about a Brushamaran, made by linking two Dougals side-by-side like a seagoing catamaran with a single propulsion fan? A Brushamaran could be steered by activating only one Dougal when executing a turn. With only, say, the left Dougal activated, the vehicle should turn to the right, swinging around the unpowered brush.

According to these same principles, you could construct a largish vehicle made of expanded polystyrene (Styrofoam) with bristles only around its edges. When I tried it, this vehicle seems to be livelier and to have lower friction than one constructed using a complete—and somewhat heavier—brush. Alternatively, such a vehicle could employ lower power motors to produce the same effect as the brush model.
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18. A SMOOTH-WHEEL PADDLE STEAMER—INVISIBLE (WELL, ALMOST) MARINE PROPULSION



She is long and sharp and trim and pretty; she has two tall, fancy-topped chimneys . . . the paddle-boxes are gorgeous with a picture or with gilded rays above the boat’s name; the boiler deck, the hurricane deck, and the texas deck are fenced and ornamented with clean white railings; there is a flag gallantly flying from the jack-staff; the furnace doors are open and the fires glaring bravely; the upper decks are black with passengers; the captain stands by the big bell, calm, imposing, the envy of all; great volumes of the blackest smoke are rolling and tumbling out of the chimneys . . . the pent steam is screaming through the gauge-cocks, the captain lifts his hand, a bell rings, the wheels stop; then they turn back, churning the water to foam, and the steamer is at rest.

Mark Twain, Life on the Mississippi

Paddle steamers had a long and distinguished history, but once the screw propeller had proved itself, they were quickly pushed off the high seas. As we mentioned in connection with Venetian gondolas, the British Navy organised a famous tug-of-war between a paddle steamer, the HMS Alecto, and a screw steamer, the HMS Rattler, boats of similar size. The paddler lost out, pulled backwards by the screw ship, which thus established its superiority for once and all. Ocean-going paddle steamships are long gone, and most steamships with propellers, too. But the Rattler’s propeller is preserved. My photo of it, taken where it rests in a museum in Bristol, UK, appears above. Paddle-wheelers continued to be used on rivers like the Mississippi for more than a century, where they offered freedom from entanglement in reeds, a high degree of maneuverability, and the shallowest imaginable draft. A few still ply various rivers and lakes for the delight of tourists.
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Here we look at a curious sort of paddler—one that nobody has ever tried to sail down the Mississippi.

What You Need


A boat hull, 300–500 mm (12"–18") long; e.g., a large child’s toy, or a large block of balsa or polystyrene foam suitably carved, preferably flat-bottomed

An electric motor, possibly with a reduction transmission

Batteries, a battery box

A wheel to fit the motor:




The wheel should be large, lightweight, accurate, well-balanced; e.g., circle(s) cut from aluminum litho plate, which is just 0.2–0.3 mm thick or CDs (you often find spare uncoated, clear CDs at the top or bottom of blank CD stacks) or larger circle(s) cut from clear 1 mm plastic sheet




3 mm steel drive shafts and a wheel hub from a Meccano (Erector) set

Glue, wood, wires, etc.

A testing tank (e.g., a bathtub, pond, or swimming pool)



What You Do

First you will need to carve your boat hull, or modify the toy boat to suit the rotating wheel. Theoretically, the wheel could be fitted anywhere on the hull, but I have found it useful to put it at the back, Mississippi steamer-style. The thin wheel then tends to act as a fin or rudder, giving the boat some directional stability. You could of course incorporate two wheels, one on either side, in the style of the old ocean-going paddle steamers, a design that would give the possibility of steering by differential power applied to each of the wheels. That will work too. You should try to incorporate the largest wheel that you can in your design, although the higher the speed at which you plan to rotate it, the smaller it can be.

Smooth-wheelers, just like standard paddle-wheelers, generate forward thrust only if the lower ¼ or so of the wheel (and no more) is contacting the water. So make sure that when fully loaded with batteries, motors, etc., your wheels don’t dip too far into the water. Too deep, and much of the power from the motor will be wasted in rotating parts of the wheel that are not contributing to propulsion. If the whole wheel were underwater, of course, there would be no thrust at all.

In the case of a stern- or rear-mounted wheel you will find that a film of water is carried up from the back of the wheel and then is flung off upward and also forward to some extent, all of it then falling back downward and tending to flood the boat’s deck. You need to allow for this in the boat design by incorporating a board that prevents water being flung forward of the wheel area. With side-mounted wheels there are fewer such problems, although at high revs, the side wheels will project water forward and negate some of their thrust through the backward momentum of the forward-cast water.
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A reduction transmission is not essential, despite the large size of the wheel, because the very low value of the viscosity of water results in very low torque. In fact, if you don’t have a fairly high-speed motor and a fairly generous wheel diameter, you won’t get propulsion at all. However, with all but the smallest wheels a reduction in the transmission of between 3:1 and 30:1 will be useful.

Smooth-wheelers seem to work well with wheels in a wide range of sizes, ranging from 50 mm (2") right up to 300 mm (12"), the latter using two wheels and a 30:1 reduction transmission.

Once you have assembled your boat, make sure that it is well balanced as it sits in the water. If you are using side-mounted wheels this is especially important. A side-wheeler will tend to heel over more in the direction of its stationary list as it gets moving. If all is well, switch on, cast off, and sail into the sunset!

The smooth-wheeler works because although the viscosity of water is low, it isn’t infinitely low. As the wheel rotates through the water, it drags a film of water along with it. Right next to the wheel, in the first few molecular layers of water, the water is stuck to the wheel and moves along with it, just a tiny bit slower in speed than the turning wheel. As you move farther and farther away from the wheel, the water slows, until a couple of centimeters (1") away it is more-or-less stationary. But this film of water, just a millimeter or two (1/16") thick, is moving.

By rotating the wheel fast enough, you can accelerate that film of water along with the wheel, and then eject it behind the boat, the backward momentum generating forward thrust.

Another way of viewing the propulsion is to look at the net reaction on the wheel due to its accelerating this water—drag force if you like. You would naturally expect that the wheel would stop because of drag forces. Well, in fact, the reaction to that drag force is the forward propulsion.

You could try measuring the boat’s speed as a function of one or another of the motor parameters, the current or voltage supplied, for example, or, more ideally, the wheel rotation speed (rpm). With larger, slower wheels, put a large colored spot on them and just count the revolutions against a stopwatch. I usually try to measure higher rotation speeds by means of the frequency meter incorporated in a multimeter I have. By adding a tiny magnet near the middle of the wheel and a Hall-effect switch or reed-switch sensor, you can very easily get a 1 pulse/revolution signal for input to such a multimeter. It might also be possible to mount a vane on the motor shaft that passes through an LED/photodiode sensor arrangement. You can find these prefabricated and ready to go in printers and in old computer mice of the mouse-ball operated kind. They usually incorporate an infrared emitting LED (IRED) facing a photodiode across a 3 mm or so gap. The photodiode is encapsulated in optically black, but infrared-transparent plastic, to reduce the effect of daylight. Make sure that you bias the LED on with a resistor that will limit the current to around 10 mA or so. Also, do make sure that you measure the rpm with water present—it is much slower than in the air. I measured rpm with the boat static but floating in the water, which gives a good idea of achieved rpm. Even better would be to measure rpm with the boat moving, since in static water it will be a little lower.

Running Aground—and Automatically Avoiding It

The greatest sin in the seagoing world is to run aground—it used to be a hanging offence for captains in the British Royal Navy—and so it is hardly surprising that much effort has been expended over the centuries to chart the bottom of the sea. Maybe, then, we should make our warships smooth-wheelers . . .

Why? Because, curiously, a smooth-wheeler equipped with side wheels that reach down as far as the hull offers unique protection against running aground on a shelving shore. How well this works depends a bit on the details of the boat’s design, but unless the boat is heading at right angles to the edge of the water, it will tend to shear off the edge and run back into deeper and clearer water. Some thought about the way the smooth-wheeler works reveals what it happening.

Normally, the wheel rotates a speed such that its bottom edge goes backwards relative to the boat much faster than the boat goes forwards. This is in contrast to the wheels of a land vehicle, where the wheel rim goes backwards at exactly the same speed as the vehicle is moving forward. So if one wheel, say the left, catches on a solid bottom, it will produce more force on the left-hand side, steering the boat to the right. Similarly, if the wheel does not hit solid, but runs into a sandy bottom, the wheel will grip the water/sand more than water alone, and will push that side of the boat forward, again turning it in such a way as to steer it back into clear water. See if you can find a shallow bowl-shaped body of water big enough to try this out. I found that a local park had a large kiddie pool that varied in depth from 0 to 15 cm (6") and demonstrated the effect perfectly, when its normal inhabitants would allow the boat a free run!
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How It Works: The Science behind Smooth-Wheelers

A standard paddle-boat works well in water, even though the viscosity of water is very low. In fact, the viscosity of water is a hindrance, not a help, to its propulsion.

Essentially, the standard paddles work by means of a kind of Newtonian reaction: by pushing a constant stream of water, m per unit time backwards at velocity (V) with a forward thrust (F) to overcome the friction of motion given by F = V × m. It isn’t easy to measure the speed of the water, or its mass, being ejected backwards. We can more easily measure the wheel rpm R, which gives us the peripheral speed of the wheel, by multiplying by πD, where D is the wheel diameter.

Smooth wheels also work by pushing a flow of water backward at a certain speed. The mass of water isn’t as simply calculated as for the standard paddle wheel. The water right next to the smooth wheel—the boundary layer, a fraction of a millimeter thick—simply goes around with the wheel. As you get farther from the wheel, the water is moving slower, until at more than a diameter or so away, it is stationary. In fact, you can figure out an equation:

F ~ µ h D R,

which says that the thrust (F) should simply go up linearly with rpm (R) with wheel diameter (D) and with the depth (h) to which the wheel is dipped. And in case you change your water to treacle—the factor µ allows for the viscosity of the liquid in which the boat is sailing. Similar equations were doubtless considered by prolific inventor Nikola Tesla, who around 1910 filed several patents for turbines and pumps based around the drag principle we have used here, but combined with centrifugal force effects.

One of the reasons that the smooth-wheeler works surprisingly well has to do with the properties of small electric motors: they are most efficient when operated at a fairly high speed. The relatively light loading of the motor by the smooth-wheel allows the motor to run fast.

The side-wheel paddle boat has a unique instability relative to a stern-wheeler or a propeller-driven ship: any slight angle of heel at low speed will become exaggerated at high speed. This can be so severe that the ship will simply heel right over and capsize. The reason is that as the boat heels increasingly to, say, port, the port-side wheel will dip deeper into the water. We know from the equation above that if the depth goes up, so does the forward thrust. This will turn the boat in the starboard direction, which will cause even greater heel to port, and that will give more turn to starboard . . . and so on.

And Finally . . .

What about making the smooth wheel wider, or perhaps adding a rim to it? This has the disadvantage of providing less rudder action underwater than a thin smooth wheel, but as it does increase the area underwater, it ought to increase thrust. But will it actually produce more drag? And what does this do for the efficiency of the system?

What about multiple smooth wheels? Does multiplying the number of wheels multiply the thrust? And, by a reductio ad adsurdum, what about a smooth drum? If you have a whole lot of wheels mounted very close together, or you add considerable width to the single wheel, you end up with a smooth-drum paddle wheel. Does this work better than a wheel? If multiple smooth-wheels are useful for marine propulsion, using at least three would allow for an amphibious ship. If it had the capacity to change gears in order to provide greater torque in dry-land mode, a tricycle smooth-wheeler could sail serenely across the sea, up the beach, and straight down the freeway!

Having proved that a smooth-wheel system works at sea, why not try the same principle on shore. Could the principles at play here be used for pumping water? Could you build a set of smooth wheels into an upward sloping channel from a tank, thereby transferring water to the upper tank?

Patents


Tesla, Nikola. Improved Method of Imparting Energy to or Deriving Energy from a Fluid and Apparatus for use therein. UK Patent 191024001, filed 17 October 1910, and issued 6 July 1911.





19. A STRING AMPLIFIER—THE POWERFUL SCIENCE OF LOOPS OF STRING



As the temperature reaches the so-called Planck value of 1032 degrees, all matter is dissociated into its most primitive constituents, which may be simply a sea of identical strings existing in a ten-dimensional spacetime.

Paul Davies, The Cosmic Blueprint

Next time you travel by ship, take a look at the what the guys on the deck are doing as the ship docks. At some point, one of the sailors will throw out a line to the shore, and the line will be used to pull over a heavy mooring rope with a loop at its end. The loop is then slipped over a steel bollard. But then what? The ship is still standing ten feet or more off the quay, and it weighs 10,000 or 50,000 tons, and its propellers are designed to drive it forwards, not sideways. What typically happens is the sailors on deck wrap the loose end of the mooring rope around a capstan three or four times. Then they start the capstan rotating and—no problem!—they just winch in the rope around the capstan. Or so it seems. But this is not what actually happens. The rope would not go around the capstan more than a few turns anyway—it is very thick and would quickly form an impossibly large rotating bundle. The sailors actually pull on the loose end of the rope, and each time they pull, the rope follows their movement, pulling the ship in towards the quay. But wait a minute, how can a couple of guys pull a 10,000 ton plus ship?

What You Need

String

A weight

An electric drill with variable speed settings and a preset feature

A wide steel pulley, about 12–50 mm (1/2–2") in diameter

For the 2-way String Amplifier, the above, Plus

A 12 mm (1/2") diameter smooth steel rod

Bricks

Pulleys (1 or 2, see text)

A loosely fitting finger ring

For the Torque Amplifier

A metal drum or pulley

Tapes

An input shaft/output shaft

A Meccano (Erector) gearwheel set

What You Do

The absolutely simplest way to demonstrate a string amplifier is to set an electric drill rotating slowly in a horizontal axis with a pulley or drum in its chuck. Loop a string with a weight attached around it one turn, and then pull the string up and down as shown. The pulley must be metal. If it is made of a polymer, you may find that it simply melts, possibly overheating the string as well! A metal pulley will conduct heat away from both the string and the pulley itself, avoiding meltdown.

You need to hold the drill trigger switch in the ON position using, for example, a binding of tape or maybe a cable tie. Drills often have a preset screw, which you can use to set it rotating at very low speed. I used a cotton string of the kind used for tying up parcels, but the thicker size, 2 mm (3/32") in diameter.

Wrap the string around so that the drill will tend to lift the weight, then pull the string gently upwards and downwards, taking care that you don’t get the string tangled around the pulley or the drill. You will find that the weight suddenly seems to have lost much of its characteristic downward force. You should be able to lift a 2 or 3 kg weight (4 or 6 lb) easily with your little finger. Try lifting smaller and larger weights. Or try a tug-of-war with an assistant—but again, be careful that the string doesn’t tangle. The drill is adding to the force you apply exactly in proportion to the amount of force you apply. Measure the force you are pulling with to lift the weight, using a spring balance, perhaps. By how many times is the force being multiplied?


Hazard Warning

You need to watch out that the string doesn’t end up winding in towards the electric drill, and then flinging the weight around dangerously. Always have the OFF switch handy. And set the drill to run slow.



[image: Image]

Now try the experiment with two turns of string around the drum or pulley (with a narrow pulley, this may not be possible). What is the force multiplication now?

[image: Image]

This simple drill demonstration is a one-way amplifier: it pulls with you in the direction you pull, with gravity providing the force to return the weight back. With just a little more complexity, it is possible to provide a two-way amplifier—one that will pull a load in to the left or to the right at will, again copying your controlling moves. In the diagram, the brick in the middle is the load. It can be moved to the left by pulling the string directly wrapped around the iron rod in the drill, or to the right by means of a string that goes around the pulley and then to the drill.

Having set up the arrangement with the strings looped once around the rod, switch the drill on to a very low speed, taking care to avoid getting the string in a tangle. Now take the two ends of string, and try pulling first on one, then on the other. With luck, you should find that you can send the brick scudding along to left or right as easily as if it were made of Styrofoam rather than clay. Try two turns around the rod and feel the effect on the amplification.

Optionally, the two loose ends of string can be taken around another pulley, possibly with a ring to take your finger included in it. Once set up, the system won’t do a thing until you move the ring with your finger to either the left or the right. This set-up also has the advantage that tangles are more easily avoided. The brick will now copy any movements you make, with no more than a minimal effort on the part of your finger.

How It Works: The Science behind the String Amplifier

The String Amplifier works using the science of friction. The frictional force (Ff) that stops something like a block of wood from sliding along a surface is proportional to the force (Fn), which is pushing that block onto the surface. Fn is at right angles to Ff, and the constant of proportionality is the coefficient of friction µ. In other words, Ff = µFn.

When you wrap a string around a rod, it tries to contract—that is, it exerts an inward strangling force. The strangling force is proportional to the tension in the string. When you then rotate the rod, this inward force, via friction, tends to cause the string to be dragged along with the rod. The tangential force, the friction force, is proportional to the strangling force, just as with the block sliding on a surface. The friction force increases the tension in the string, which increases the inward force, which increases the friction force, which increases the string tension, which increases the inward force . . . and so on.

The net result is that the force (Fo) exerted by the string on the output side is exactly proportional to the string tension (Fi) on the input side, multiplied by a factor which is an exponential in number of turns of string (N) wrapped around the rod, or in math:

Fo ~ Fi e αN,

where α is a constant proportional to the coefficient of friction. This equation is sometimes called the “capstan equation,” because it can be applied to the capstans used in yachting and in commercial shipping. A drum rotated by an electric motor is used to amplify the effort of the sailor. The coefficient of friction between string and drum will vary with the materials, but a typical value might be 0.3. With that value, the output force will be about 6 or 7 times the input force for every turn of string around the rotating rod. So with two turns, you could multiply the input force by 30 to 50, and with three turns, by 200 or 300. This is why it takes only a couple of sailors pulling on a rope to bring a 50,000 ton ship to quayside.

[image: Image]

And Finally .

Why not have a go at making a Torque Amplifier? This is a device that was quite commonly used in the pre-transistor age as a relatively simple way of massively boosting small forces while maintaining fine control of position. Meccano (Erector) or similar gearwheel sets contain all that you need to make such a device. The picture shows how it works. The two drums—the capstans—rotate in opposite directions. If the input arm moves, the appropriate tape will tighten on the drum and the output arm will follow the input arm—but with much greater force capability. The two arms are connected to input and output shafts, so that the overall effect is that of an amplifier of torque. Today mechanical amplifiers like this have been supplanted by torque amplifiers based on hydraulics—like the power steering system used in automobiles.

Reference
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The section entitled “Rope Ratchet Motor” has more on strings wrapped around drums.





20. THE PUNKAH PENDULUM—AIR-CONDITIONING AND TIMEKEEPING COMBINED



Splendidly formed, he sat on a raised platform near the back, in the middle . . . this man would have been notable anywhere. Pulling the rope towards him, relaxing it rhythmically, sending swirls of air over others, receiving none himself, he seemed apart from human destinies, a male Fate, a winnower of souls . . . the punkah-wallah.

E. M. Forster, A Passage to India

The punkah that we often seen in museums and on film sets is little more than an oversized version of a hand fan, complete with ostrich plumes. In the great country houses in the hotter parts of India, however, a rather more effective device, also called a punkah, was used in by-gone days to furnish a rather effective form of air-conditioning. It consisted of a large and relatively heavy carpet, suspended from the ceiling by ropes along one edge. Pulling on another rope on the bottom edge allowed it to be moved to and fro like a pendulum. The person who has the job of doing something in India is called the something-wallah. So the fellow whose job it was to waft the air around with a punkah was known as the punkah-wallah. It was these giant air conditioning carpets of yesteryear that inspired this project.

The Punkah Pendulum is a long pendulum whose swinging weight includes an electric fan. By means of a balsa flap plate that can push a contact brush onto a contact plate, we switch the fan at the end of the pendulum on and off in time with the pendulum’s swing. As the fan moves to and fro, it blows momentary zephyrs of cooling air, like a kind of electromechanical punkah-wallah.

What You Need

A motor (a 1.5–3 V, high-current toy motor)

A propeller or fan, with 100 mm or 150 mm (4" or 6") blades

A battery (single-cell rechargeable) and a battery holder

Thin metal sheet; e.g., copper or tin-plate

Wire

Wood

Paper

Tape

Thin string

What You Do

The pendulum can be made as long as you like. I used pieces of metal from a Meccano construction kit for the various components, including a 4 mm (3/16") wooden dowel to carry the light-weight flap that is glued or taped onto it. I found that if the length of the pendulum is much shorter than 1.5–2 m (54–88"), the motor will not speed up and stop sufficiently quickly, even with the fan blades cut down. Ideally, set up your punkah pendulum in a larger hall, suspending it from 5 or 10 m of string. It will then whoosh through the air at a very satisfactory speed at the bottom of its swing.

The propeller, unless it is already a very small one, will probably need to be cut down to reduce its rotational inertia. I used a 150 mm (6") propeller cut down to 100 mm (4"). We need to ensure that the propeller will speed up fast enough to give a reasonable thrust in less than half pendulum swing time.

The contact plate is a small sheet of copper or tin-plate cut from a biscuit tin and soldered to a piece of wire. The use of two pieces of string for the suspension ensures that the pendulum will not twist from its correct orientation.

The tricky bit of the project is adjusting the contact brush so that is makes good contact on the forward swing but disconnects cleanly on the back swing of the pendulum. In fact, when correctly adjusted, the fan will not be seen to stop, at least on a shortish pendulum, because of its rotational inertia. The fan speed is modulated, as is the thrust that it produces, but it does not clearly stop on each swing. Once correct, the pendulum should swing steadily to and fro with an amplitude of 600 mm (24") or more, depending upon the pendulum’s length.
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The pendulum works because the balsa flap moves to and fro relative to the body of the pendulum due to the air moving past it, so that the balsa flap alternatively presses and releases the wire brush from the contact plate, switching the motor synchronously with the swing.

The contact brush is not likely to last for long. Each contact produces tiny sparks that erode the plate and leave an oxide, which prevents a good connection. It should be possible to get the punkah swinging for a matter of hours, but if you need it for longer than that, you may have to devise something even more ingenious.

Synchronised Punkah Pendulums

If you have time to make two or more Punkah Pendulums, you will be able to explore some of the issues of synchronisation. The two pendulums need to be loosely connected. This can readily be achieved by suspending them both from a base that can itself move to and fro a little, something like a horizontal rod which is itself suspended from the ceiling. By giving them a common base, you produce a small degree of coupling. Once you have set this up, adjust the two pendulums to be approximately the same length, and see what happens when you set the system going. Christiaan Huygens, the great Dutch physicist and clock inventor, worked on this problem in the 1670s, and he showed that, curiously, two connected clocks can show one of two basic behaviors: they can either drive each other to a halt or synchronize and display identical times.

How It Works: The Science behind Pendulums

Pull a pendulum to one side, and a small component of the vertical force acting on the pendulum bob will pull it back towards the center when you let go. But when the bob arrives back at the center it doesn’t just stop. It carries on and swings out the other way until it is as far from the center as it started. It can then swing back towards the center again—and so the process continues, the pendulum beating time precisely with each swing.

Make a pendulum longer and its beats slower, its period increasing as the square root of the length. Take your pendulum to the Moon, and it will beat two and a half times slower. In fact the swing time ([image: image]) of a pendulum of length L is given by the formula [image: image] ~ [image: Image](g/L), where g is gravity.

Now of course a pendulum doesn’t swing forever on its own. No matter how cleverly the clock is constructed, each swing of the pendulum loses a little of its stored energy, and the swing decreases in amplitude. To keep it going, you need a going train.

In a clockwork timepiece, the going train is the name given to the set of gearwheels which, driven by a spring or drum and weights, keeps the clock going. In our case here, our going train is the flap and contact and motor, along with energy supplied by the battery. The energy from the battery needs to be applied at the right moment, however; it is not enough to simply hook up the motor directly to the battery. The contacts ensure that the propeller thrust on each swing of the pendulum is timed to push exactly when required.
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How exactly does it work? Start with the motor unpowered and the pendulum swinging backward with the flap pulling the contacts apart. The pendulum will carry on swinging until it has risen sufficiently that gravity at last wins and begins it swinging forward. At this moment, the draft of air pushes the flap against the contact and the propeller starts up, urging the pendulum faster forward. The pendulum swings forward, swinging a little wider than before, until at last even the combination of propeller and inertia are insufficient, and gravity begins the back-swing again. The flap pulls back, stopping the propeller, and the backswing is completed with an idling propeller, ready for the process to begin again.

And Finally . . .

Try different areas of balsa flap for the contact plate: presumably with a smaller area of flap the pendulum will swing further. Would the pendulum function with a weight instead of the flap? Or would the weight act as a secondary pendulum with its own periodic oscillation and produce a chaotic variation in the pendulum swing’s frequency?

Our pendulum design uses a fan that blows only in one direction. With a suitable arrangement of contact plates and brushes, however, you could arrange things so that it was powered in both directions, the fan reversing at each swing, rather than just switching on and off.

The contact lifetime of your Punkah Pendulum might be stretched with the addition of an anti-arcing capacitor of the kind once used on auto ignition contact-breaker circuits, or maybe a thin layer of low-film-strength petroleum jelly on the contact plate would help, protecting the plate and the brush from oxidation.

The contact seems to make and break quite cleanly, so perhaps you could use the contacts to operate a motorized clock dial—the kind of analog clock dial used with analog quartz-oscillator clocks. You will need to remove the quartz circuit and substitute wiring from the Punkah Pendulum. The wires from the contacts need to come up the pendulum strings and then go to the analog clock motor via a resistor—maybe 100 ohms to limit the current flowing to a safe value. The dial motor in an analog clock typically needs to be supplied with a pulse once every two seconds. (Not, as you might imagine, every one second.) Another possible way to accomplish this would be to use a calculator as a counter. You’d have to wire the contacts on each side of the equal sign (=) to a relay contact, the coil of the relay being operated by the pendulum contacts. If you look ahead to “The Sloshulator” (“Cloxotica”), you will find out exactly how to do this.

Patent
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One of the first of a plethora of 1920s inventions involving cooling fans that sweep their draft of air around a room.





21. THE MAHARAJA’S SUNSHADE—AIR IN MOTION PROVIDES TENT AND AIR-CONDITIONING ROLLED INTO ONE



It was a miracle of rare device,

A sunny pleasure-dome. . . .

I would build that dome in air,

That sunny dome!

Samuel Taylor Coleridge, “Kubla Kahn”

Here and there in the world there are buildings held up by nothing more substantial than the air inside them. It’s not a bad idea. Forget about solid walls and a roof, all you need to provide shelter from the wind and rain is a thin skin made out of some kind of rubberized canvas and, inside of it, air at a higher pressure than the air outside. A little air pressure will do, just a millibar—a thousandth of an atmosphere—will give youa force of 10 kg on every square meter, plenty to hold up your pneumatic building. Sounds really good, right? But there are one or two snags. For a start, the canvas needs to be proof against things that might eat it, like moth larvae or fungus. And too much exposure to the ultraviolet light of the sun will make it brittle. Then there’s the problem of keeping the air inside. You’ll need to have a pump. Why? Firstly, because there will be leaks. Secondly, if it is a cold day, the air inside will shrink—by 10 percent or maybe more—so you’ll need to pump in more air. Thirdly, if you heat the air inside the building, it will expand, so you’ll have to let some air out again. And what happens if you open up a window or a door? Whoosh, the air rushes out! The windows will have to be kept firmly zipped up, and if you want to go in and out you’ll need an airlock.

Now take your basic pneumatic building and cut a large hole in its side. Increase the size of the pump to counteract the loss of air. Then cut some more holes and get an even bigger pump. The pump now whooshes air through in enormous volumes, rattling the canvas of the building, but still holding it up. Finally, aim the pump upwards and make the holes meet, leaving only strings attaching the whole contraption to the ground. Voila! You’ve got a galloping gazebo—a roof held up by the impact of a rising column of air and kept in place by nothing but strings. In the baking hot, northern desert kingdoms of India, shade from the sun combined with a cooling breeze are highly desirable, and here we’ve invented a way to get both effects rolled into one. Best of all, our friend the Maharaja* gets 360 degree visibility—a real plus given the war-like personalities of the neighbors!

What You Need

1, 2 or 3 hairdryers

A sheet of thin polyethylene (PE) plastic, about 1.5 m (5') square (e.g., 2–4 large PE plastic bags, taped together)

Thin string

Scotch tape

Electrician’s tape

Weights: timber, bricks, etc.

What You Do

First you need to think about how to fix your hairdryer so that it points upward. Ideally the mounting should allow it to be adjusted at an angle to the vertical of, say, up to 30 degrees. You could use laboratory clamp stands (a gadget that I use all the time at home as well as at work), but as most households don’t have these, an alternative would be to attach the hairdryer to large block of wood using a strap of some kind. A simple non-adjustable alternative would be gaffer tape wound around the wood. Just make sure that you can operate the switches on the hairdryer.
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Then make the sunshade sheet itself. If you have some suitable light gauge PE sheeting, simply cut a square about 1.5 m on a side. If not, cut the bottom out of a couple of large garbage bags and tape them together with lightweight tape.

Next you need to think about weights and strings to hold the parasol down against the blast of air from the hairdryer. I use thin kite string, tied and taped to heavy chunks of wood. But you could use house bricks instead —the ones with the holes are ideal. The strings are 1.6 m long and taped to the corners of the square sunshade.

Now switch on the hairdryer to maximum cold air and then lift up the sheet and try to fly it above the hairdryer. You will need to play with the tension a bit, pushing the string anchorages around and tautening or loosening the sunshade.


Hazard Warning

You must make sure that you don’t block the air intake to the hairdryer. It is easy to allow the sunshade to drift down, get sucked into the intake, and stick there. If this happens, the device will rapidly overheat. Hair dryers usually have some kind of fuse or other thermal cutout, but it is wise not to rely on this.



With luck, you will find that the sheet will lift up and form a kind of four-arched shape reminiscent of the groin vaulting in the roof of an ancient church (see illustration).

Troubleshooting

Does the sheet slide off to one side or another? Try centering the hairdryer, and ensure that the strings are symmetrical.

Do the sheet edges nearest the bottom flap very slackly? Try moving the string anchors a little further apart. They need to make a certain angle to the vertical; i.e., the anchorages need to be further apart than the edges of the sheet.

Things to Try


	How big can you make the sunshade and still fly it? Will it still fly if the corners of the sheet are right down on the ground?

	How high can you fly your galloping gazebo? Can you just keep on lengthening the strings—and do you need to keep the angles of the strings to the vertical constant?

	If it is a very calm, windless day, why not try the Maharaja’s sunshade outside?

	If you have another hairdryer, extend the sunshade, and attach a further set of strings, perhaps going up to 6 or 8 strings. If all goes well you will soon have a parasol that would give the Maharani (the Maharaja’s queen) some shade as well. And why stop there? With more hairdryers and more acres of PE sheet, you could shade an entire baseball diamond. Softball anyone? Or perhaps a chukka of polo?

	With multiple hairdryers, what is the effect of angling them away from vertical? Can you get a better lift pattern, more stability?



How It Works: The Science behind the Maharaja’s Sunshade

The column of moving air emitted each second by the hairdryer has momentum. Momentum is defined as velocity multiplied by mass. This momentum, absorbed by the air hitting the sheet every second, produces a force. In the right units—SI units (Système international d’unités)—the force is equal to the rate at which the momentum is created, which is a version of Newton’s Law of Motion. Momentum is simply mass times velocity. The mass per second is the density of air times velocity times area, so we end up with the force (F) being:

F ~ ρ A v2,

where ρ is the air density, A the area of the air blast, and v its speed. So to support a Maharaja’s sunshade twice as big, you will have to double the hairdryers or increase the speed of the one you have by a factor of the square root of two. As a numerical example, if the hairdryer produces a 2.5 m s–1 airstream over an area 50 mm in diameter, the expected force will be 130 g, which is easily enough to support the 50 g or so weight of the parasol sheet and provide some tension on the strings.

Predicting the stability of the sunshade is a more difficult problem. The canopy tends to assume a four-fold symmetric configuration around the four wires, what is known in the architecture of medieval Christian churches as a groin vault. The science of the stability of the shapes of parachutes and other devices inflated by air pressure, such as balloons, is still a subject of research. Markus Paglitz (in the book referenced on the next page) describes unexpected stability problems with, for example, balloons that were expected to be symmetrical squirming into less symmetrical shapes.

You may wonder why most hairdryers still produce some heat, even when set to cold. The answer has to do with the ingenious way they operate. The fan motor in a hairdryer is a small device that will typically work on a low voltage. To work directly on high voltage it would need to be bigger and heavier, and its electromagnet coils would have to be wound with exceedingly fine wire. So instead, most manufacturers use a 12 or 24 V motor and rely on using a piece of resistance wire in series with the motor to reduce the voltage from 110 V or more to 12 V. This means that, for a motor with a 10 W rating, 100 W or 200 W will be produced as heat. This sounds inefficient, and it is: 90 percent of the energy goes into producing heat in the resistance wire, not moving air. But this low level of heat is still useful for drying your hair, and it is still cold compared to the air temperature achieved when the heater in the hairdryer is switched on in earnest and producing at least 1000 W of heat. And a small piece of resistance wire is a lot cheaper than any voltage-converter circuit board.

And Finally . . .

What about adding an extra string right in the middle? With a string pulling down from the central point in the sheet, you might be able to divide the flow between the arches of the parasol in a more even way. How low does the string have to pull down? Would it be worth adding a downward-pointing cone shape to the center of the sheet?


	What about other modifications to the flat sheet? A large cone maybe, with corners to connect strings to? You could point the cone upwards or downwards. Do both work?

	Parachutes typically have holes in them to control unstable airflows. Can you make the Maharaja’s sunshade more stable by cutting holes to let air out in strategic places?

	Try using air deflectors with the hairdryer to produce a better pattern of thrust on the parasol. Perhaps a pair or more of large bore pipes arranged to deflect air away in different directions.

	Can the parasol support anything other than its own weight? Could you incorporate a weight in the middle—or maybe a set of small weights placed symmetrically elsewhere?
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* The word raja (Hindi) means “king” or “prince,” and maha means great, so a maharaja is a “great king.”
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SURPRISES GALORE IN THIS MAVERICK COLLECTION


Be Prepared . . . the meaning of the motto is that a scout must prepare himself by previous thinking out and practicing how to act on any accident or emergency so that he is never taken by surprise.

Robert Baden Powell, Scouting for Boys







1. AN ELECTRIC SUNDIAL—TIRED OF RUNNING TO YOUR CAVE ENTRANCE TO GET THE TIME?



The Gods confound the man who first found out

How to tell the hours ! Confound him, too,

Who in this place set up a sun-dial,

To cut and hack my days so wretchedly

Into Small Portions.

Plautus (254–184 BC), Latin comic playwright

If the sun is shining, a stick and a circle of stones is all you need to determine the hour of the day. A sundial of this kind, simple and ancient though it is, contains a number of subtleties, which is why sundials are still designed and built today. Look around, and in most cities and towns you will find a few on prominent buildings and in gardens.

Some of these sundials are enormous. In several Indian cities—Jaipur in northern India, for example—there are ancient sundials of gigantic proportions. These instruments, often dubbed a “Jantar Mantar,” were used by astronomers hundreds of years ago both to measure time and to demonstrate scientific principles to the public and to astronomical patrons. The colossal scale of these instruments allows you to read the time to within half a minute. I once stood on the readout arc of one of them and was astonished to discover that I could actually see the sun’s shadow moving perceptibly over my finger.

Here we are going to build an electric sundial. A simple pair of wires will allow you to have sun time available in every room in your house. You can retire your clocks, and you won’t need a huge Jantar Mantar, either. Your e-sundial will fit in your backyard! And despite its small size, it will allow you to see time passing at a visible rate, with the numbers on its readout changing every few seconds.

[image: Image]

What You Need

2 solar cells (e.g., from solar garden LED lights)

2 resistors (see text for the value required)

A digital multimeter or a millivoltmeter

A wooden block, wooden base, etc.

Glue, wires, etc.

Sunshine!

What You Do

First cut the wood block and base so that the two solar cell can be positioned with their faces at right angles and their edges touching. The joint edge should be in a vertical plane facing south, with the angle from the vertical equal to your latitude. This angle will work perfectly in spring and fall. As a refinement, during the summer you couldmake the angle to the vertical less by the amount of the Earth’s axial tilt to the plane of rotation of the Earth around the Sun—about 15 degrees should do it. In winter the tilt should be greater by the same 15 degrees.

The resistors need to be chosen so that the panel gives out considerably less than its maximum voltage but enough voltage to get a detailed display on the multimeter. The garden lamps I used as my source of solar panels gave about 3 V in full sun, and about 60 mA shorted out via the multimeter’s current setting. With a 220 ohm resistor, they gave almost precisely 1000 mV when at right angles to the midday sun. If I used a 22 ohm resistor, they gave 100 mV, which meant that the precision of the e-sundial was within less than a couple of minutes. With ±1000 mV, my panels gave about 5 mV/minute, which is reasonably close to the theoretical 5.5 mV/minute, and means that the device is accurate to within 10 seconds—pretty good for a sundial!

[image: Image]

Now that you have set up your e-sundial, it is time to take some voltage readings and check out its performance. If you have a clear blue, cloudless sky, then you can pretty much just note the time and the reading. If there are wisps of clouds scudding across the sky, then you will need to take the maximum reading over a few seconds. Obviously, you won’t get very good results on a heavily-overcast day, although even with heavy cloud cover, if you chose peaks of signal when the sun was momentarily near to full power, then the reading might not be too far off. Less obviously, if your e-sundial is mounted so that the shadows from nearby objects fell across it—even small plant fronds—then readings will be unreliable. Reflections from buildings, particularly reflections from shiny objects like automobiles and windows, also give rise to subtle errors. The ideal site for the e-sundial is away from buildings and other ground features and high up (although mounting it on a pole is not recommended, because the pole might wave around on a windy day).

With this voltage response, you get conventional time from the e-sundial by multiplying by 3 and adding 12. So with –1 V, the time is –3 × 1 + 12 = 9:00, while with –667 mV, you have a time of –3 × 0.667+12 = 10:00, and so on, up to 13:00, 14:00, and 15:00. To estimate minutes past each hour from the decimal time, you just multiply the decimal fraction hour by 60. So if you have a reading of, say, –700 mV, then the time is 10:00 (calculated as before), with the extra 33 mV giving 180 × 0.033 = 6 minutes before 10:00, or 09:54.

Here is a table to simplify your readings (for –1000 mV at 9:00 to +1000 mV at 15:00):

[image: Image]

[image: Image]

But maybe you prefer to stick to decimal time in hours, or to leave the millivolts in, as in the (almost) familiar expression “lunch will be served at 90 millivolts past noon.”

Here are some results I got on a sunny day on the south coast of England:

[image: Image]

[image: Image]

Sundial Time

It may surprise you to learn that, even though your e-sundial can give sun time with considerable accuracy—to within a few seconds in good conditions—it will not show the correct time. In fact, no sundial gives the correct time: simple sundial time, unless corrected, differs from clock time except on certain days of the year and at midday, and differs, furthermore, not by a few seconds, but by as much as 15 minutes (see the graph). The difference between sundial and clock time is often called the equation of time.

Some sundials actually have an equation of time engraved on their face in graphical form. By knowing the day of the year, you can figure out the difference between sundial and clock time. The graph above shows the equation of time, minutes fast or slow versus day of the year.

How It Works: The Science and the Math behind Electric Sundials

The math behind the straight line response of the e-sundial revolves around the fact that a fairly straight line results from taking the sum of the cos and sin of an angle as that angle swings from 0 to 90 degrees.

The equation of time results from the fact that the Earth does not orbit around the sun in a circle with its axis parallel to that of the Earth’s rotation. In fact it orbits in an ellipse, and the Earth’s rotation axis is 23 degrees off the plane of the orbit. The misalignment of the planes of the orbit leads to an error of 7.5 minutes, following a sine wave with a period of a year. The ellipse leads to a sine wave error at twice this frequency and 9.5 minutes amplitude. The reason for this is that the earth speeds up and slows down in its elliptical orbit. Our planet speeds up as it gets closer to the Sun, and slows as it moves farther away.

Add the two effects together, with an offset to account for the phase difference between orbital motion and the ellipse, and you have an equation like:

Sundial error ~ 7.5.sin(2π day/365.24) + 9.5.sin(4π day/365.24 + 3.6),

which gives the error on any particular day, and is what we plotted on the previous page.

And Finally . . .

With the correct choice of resistor and solar panels, you might be able to get the multimeter display to give –3000 mV at minimum (9 o’clock), and +3000 mV at maximum (3 o’clock). The simplest way, probably, would be to set up several solar panels of the 1000 mV type in series, and then to adjust the resistor value. The time in hours would be calculated by adding 12 to the value displayed to give the time in hours and decimal hours. You would need to wire up the panels in series, however, so that the panel output voltage considerably exceeded the 3000 mV maximum output—three of my garden panels would be enough. But maybe you can find another source of panels with higher output voltages.

You could make the e-sundial with solar panels that are less than a right angle apart. In this case, the range over which it worked would be narrowed. So if you put the panels at 45 degrees, you could only give sun time for 3 hours. However, this might be useful if you had several narrower angle panels. Using the kind of spreadsheet model we looked at for showing the sin-cos curve, you could determine how the e-sundial would work with a different angle between the faces. Four such pairs would give time accurately over 12 hours, and could perhaps all be mounted in one neat assembly. However, you would need to devise some circuit—perhaps using simple relay logic—that would switch the multimeter to measuring the correct pair of solar panels and would indicate to which quarter of the day the reading referred. Or maybe just using four low-cost multimeters would be enough: the human eye is quick at selecting which part of an array of information is important.
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2. THE KLEENEX CLOCK—TIME FROM TISSUE PAPER



An eerie kind of chaos can lurk just behind a facade of order—and yet, deep inside the chaos lurks an even eerier type of order.

Douglas Hofstadter, Goedel, Escher, Bach: The Eternal Golden Braid

Hold up a piece of tissue paper and look at it. It seems simple enough. It is not. Put that same piece under a microscope and a complicated jungle assaults the eye: fibers of assorted sizes, some clearly tubular, some solid, all at different angles, twisted and bent around each other. Out of this tangled skein of complexity, however, we can, by applying a surprisingly simple but subtle piece of math, discover quite an effective way of measuring time.

What You Need

For a Standard Kleenex Clock

Tissue paper (you can even use the Kleenex brand)

Paper

Tape

Water

A felt-tip pen

A bottle cap

For an Electric Kleenex Clock

2 AA batteries and a 2 AA battery holder, or a PP3 battery with a snap connector to match

Wire, solder, etc.

A low-power transistor (e.g., BC108/BC547/2N2222)

A 1000 ohm resistor

A beeper (piezo sounder)

A plastic mounting sheet

Salt

What You Do

The Kleenex Clock Element

The Kleenex Clock element is a piece of tissue, four-ply or so, encapsulated by two strips of tape. To form the element, you will need to stretch out a long length of tape, such as Scotch tape or Sellotape, and fold the ends onto the table so that it lies flat, sticky-side-up. It must be as long as the tissue. The tissue strip is then cut. Cut it from the folded edge of a 2-ply tissue, so you will have in effect a 4-ply piece. Now draw a pattern of dots about evenly spaced down the tissue, using a felt-tip pen (the kind that uses water-soluble ink). When the ink is dry, lay the tissue strip down the middle of the long piece of tape and then carefully stick another piece of tape, shorter than the tissue, on top. The idea is to get the tissue encapsulated in the middle but easily accessible to water at each end. Try to make sure that there are not too many wrinkles, and that the tissue is pretty well sealed up in the tape.

[image: Image]

Now you can try out your clock. To set the device going, just dip the end of the tissue strip in the bottle cap of water, and watch. You may find it surprising that the water travels so far along the tissue paper. I thought at first that the water would only go an inch or so. Now I know better!

Placing the Kleenex Clock alongside a ruler, time the arrival of the water at equidistant points or instead record the distance the water has traveled after equal time intervals, say one minute. The ink from your felt-tip pen dots should make the progress of the water’s edge easily visible. You will probably find that the progress of the wetness is not just proportional to time. You could plot a graph of the water-edge’s position versus time to understand this better.

I found that with standard tissues, it took about 10 minutes for water to get along the strip. My strips of tissue—just white untreated 2-ply tissue paper doubled over—were 8" (20 cm) long and 1 cm wide.

Why do you think that the water does not progress in a proportional fashion? In what way are the first 10 cm and the second 10 cm of the tissue different? Does the difference have something to do with the second piece being fed by tissue rather than directly from the water in the bottle cap?

Making the clock elements as identical as you can, do you get identical fuse times? Clearly the length is the key factor, but does width make any difference at all? Think about cutting a Kleenex clock into two lengthwise—would that change anything? What about the thickness of the tissue paper? Try out 6-ply or 8-ply. Or why not try out a strip that varies in width down its length; one that is narrower in width nearer to the start and wider at the finish, for example? And do preparation techniques, like how hard you squeeze the encapsulating tape together, affect the result?

[image: Image]

Cooler Kleenex Clocks

Try a Kleenex clock working on iced water or on hot water. Temperature will surely affect the result, as it affects the surface tension and viscosity of water—but by how much? Surface tension is powering the movement of the water, impeded by the viscosity. The viscosity and surface tension of water both go down with increased temperature. But the tension doesn’t vary as much as the viscosity. So the effect of viscosity wins, and the water will go slower along the tissue at lower temperatures, and faster at high temperatures.

Enter Gravity

Try positioning the Kleenex clock vertically. Does it work as well when it stands vertical as when it lies horizontal? If there is a difference, is it, as you might expect, that the waterfront moves quicker downward than upward? And is there an ultimate limit on how far up or down the water will go?

The Electric Kleenex Alarm Clock

The standard Kleenex clock can be converted into an electric alarm clock by adding a sensor that sets off an alarm when water reaches it. Two connecting wires are bared at their ends and taped a few millimetres apart at the output end of the tissue strip, with the circuit hooked up as shown in the diagram.

When the advancing wet edge eventually wets the tissue at the end of the strip, the battery forces a tiny current through the water and then through the beeper. To make the device work nicely you will need to increase the conductivity of the wet tissue. Adding just a few grains of salt should do the trick. Salt forms electrically charged ions in the water, which can move and therefore conduct electricity.

You could try using slightly salty water in the bottle cap reservoir, or you could spray the tissue with salty water and then dry it before you use it.

The tiny current flowing between the contacts at the end of the tissue are best amplified with a simple transistor so as to operate the beeper easily. The circuit on page 154 uses just one transistor, with a single resistor to protect it from excessive current. A transistor amplifies an electric current that goes into its base electrode by an amount of 100 to 400, the amplified current coming out of the collector electrode. The other electrode is connected to the battery negative.

Getting the Kleenex Alarm Clock to Wake You up in the Mornings

Could you might make a Kleenex Alarm Clock that would actually wake you up in the morning? It would of course need to run for around eight hours or more to be any use. With the aid of the experiments, and maybe some of the math outlined below, maybe you could figure out how to get that result.

How It Works: The Science behind the Kleenex Clock

The phenomenon of liquid soaking into a porous medium has been extensively studied in science because of its application to separating chemical substances using the flow of water or solvents. The science of liquid “chromatography,” as it is called, employs both paper and other thin-layered media like porous aluminum. It is used to check the purity of chemicals, foods, and pharmaceuticals. It is also used in crime scene investigations, allowing detectives to separate out the different constituents of inks used by criminals, for example.

The speed at which water travels through or alongside individual fibers varies widely, but the speed averaged over myriads of fibers is approximately uniform. We can understand the process roughly by assuming that there is a capillary pressure (P) driving the water, and that the water is flowing in approximately tube-like channels in the tissue. The pressure must act on an increasing length of pipe, which does have the effect of slowing the fluid flow as the water travels further. This is why the second 10 cm of tissue is different to the first 10 cm. Let us suppose that the wet edge in the tissue will produce a capillary pressure (P) to pull along a column of liquid of length L. If we assume that the water-flow follows the normal law for viscous flow, the Poiseuille equation, then we arrive at a formula that we could call the Kleenex Clock Equation:

L = [image: Image](kp P t),

where kp is a constant, and t is the time.

The motion of the wet edge of the Kleenex Clock versus time is a surprisingly simple square root law. It predicts that if the clock’s wet edge moves 5 cm in 1 minute, it will move 10 cm in 4 minutes, 15 cm in 9 minutes, and so on. And this formula does seem to correspond—at least roughly—to what happens in the real world.

The graph gives the results obtained from one Kleenex clock, showing distance versus time alongside a square root and a linear law curve. The square root law is clearly is a good fit in this case.

Tissue paper is manufactured in enormous quantities, and it is the subject of some fairly serious study—at least in the tissue-paper industry. It must, for example, have useful absorbent properties, look good but still be inexpensive, not smell strongly, and retain its strength when wet. Above all, it has to be strong enough that your fingers don’t poke through. There are, in fact, international standards for the strength of tissue paper, and companies like Testing Machines, Inc., of Islandia, NY, make machines for testing tissues against those standards. The Lab Master Ball Burst Test machine (that is what they call it) applies test forces to tissues using standard-sized spherical balls.

And Finally . . .

How long can a Kleenex Clock run reliably? Is there an actual limit to the time that the clock can measure? The water shouldn’t evaporate from the bulk of the tissue, of course, because the tissue is well sealed in. But is there some other effect that will stop the water’s edge from creeping on? For example, once the wet edge is moving very slowly, is there evaporation from that edge going forward into the dry tissue ahead? Try making up a very long clock element and marking it up with times from minutes to days. With a typical 10 cm element running for 10 minutes, a 100 cm element should run for 1,000 minutes, or nearly a day. A 250 cm element should run for a week. But will they?

What about a Kleenex Alarm Clock that both switches on and then switches off again, so you don’t have to get out of bed and pull the battery out? The diagram shows the kind of circuit you could try. The first transistor is connected in the normal way, except for its emitter. The second pair of electrodes will be connected shortly after the first alarm pair. When they are connected, they activate the second transistor, which activates the third transistor wired to the emitter of the first transistor. But does this work? And even if it does, is there is a simpler circuit that you could devise?

[image: Image]
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3. THE TORSION TIME PENCIL—PEELING OFF ATOMIC LAYERS AS TIME GOES BY



Quoi qu’il arrive, la flamme de la résistance française ne doit pas s’éteindre et ne s’éteindra pas.

[Whatever happens, the flame of the French resistance must not and will not be extinguished.]

Charles de Gaulle, June 18, 1940

In this next experiment we are going to demonstrate a timer device based on chemical etching. An early form of miniature delay-action detonator relied on the etching of a thin wire by acid. When the acid finally ate through the wire, this released a spring-loaded detonator plunger, that set off an explosive charge. A number of metals will dissolve readily in an acid solution: zinc in hydrochloric acid, for example. Other metals dissolve readily in alkali solution; e.g., aluminium in sodium hydroxide. However, not all of these combinations work well. Some metals passivate, for example, which means that the etch rate slows after an initial burst of activity. The reason for this behavior is that the oxide or hydroxide formed by the action of the acid protects the metal underneath from further attack to a greater or less extent. Many metals release hydrogen or other gases during etching, and that gas can cause etch-rate variations and other problems. One time-pencil used by the British Special Operations Executive, which worked with the French Resistance during the Second World War, employed the same chemical principle as the etching of printed circuit boards: the action of acidic iron(III) chloride on copper, which does not produce any gas. The soluble Fe3+ ions of Iron(III) are simply changed to Fe2+, while the copper is dissolved. However, this system has passivation problems due to the formation of a sludge of corrosion products, and there is very high temperature dependence, so these timing devices proved highly unreliable and unpredictable. Morever, like every other simple dissolution system, the solvent, iron(III) chloride, is a strongly corrosive solution.

We can avoid the need for a strong acid solution and solve the problem of temperature dependence by using a neutral salt solution and electrolysis to etch the wire away. By a careful choice of solutions and electrodes we can also avoid the formation of bubbles of gas. Here we will use copper wire, etched steadily away by the action of a current imposed by an external circuit. The electrolysis will also take care of the temperature-dependence difficulty, which besets all standard chemical clocks. By effectively metering out one of the chemical reactants—the electrons—from a battery or power supply, we can control the rate of the whole process much more precisely.

At a fairly well-defined time, a fine copper wire finally becomes so thin that it breaks, giving just one—final—timing signal. Now, waiting for the wire to break is a simple modus operandi. However, this MO involves removing a relatively large amount of metal, and there is no output other than the final breakage of the wire. Our Torsion Time Pencil is, as we shall see, a much more sensitive chemical clock, and one that measures its own progress clearly.

What You Need

A multi-stranded copper wire

A wire or lightweight plastic pointer

A clear plastic vessel

A section of ruler or protractor

Batteries or a variable 12 V power supply

Connecting wires

Solder, hot-melt glue, etc.

Salt or copper sulfate

A multimeter with amp range

What You Do

The set-up here is designed to place the strand of copper wire under a torsional force. As the wire is etched away by the flowing current, its strength as a torsional spring decreases, allowing the indicator needle to move under the impact of gravity. The ruler/protractor scale serves to allow an accurate estimation of the position of the pointer with time. The lightweight pointer can be made out of strong plastic, or thin lightweight wire—or maybe using the second-hand of a clock. The counter electrode is a thick copper wire: a very small amount of copper will be plated on this as the device works.
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The screws are adjusted to push the pointer from pointing from roughly vertical down to pointing 45 degrees from vertical up. They can then be locked in position with a blob of hot-melt glue.

The Surprising Parts

When the Torsion Time Pencil is switched on, the pointer will begin to move immediately. The etching away of even a few layers of atoms is enough to move the point just slightly.

Measure the current you are getting—but don’t use more than a fraction of an amp or you might overheat the delicate strand of copper. Start with just a few tens of milliamps.

How It Works: The Science behind the Torsion Time Pencil

In the electrolysis here, every two electrons that flow around the circuit, driven by the battery, result in an atom of copper being removed from the strand of wire as positive Cu2+ ions. The blue copper sulphate CuSO4 solution acts as a medium to allow the flow of those ions :



	Positive electrode (wire):

	Cu → Cu2+

	(etches wire, replenishes solution)




	Negative (counter) electrode:

	Cu2+ → Cu

	(deposited)





The sulfate part of the copper sulfate is a bystander as far as the action of the circuit goes. The blue solution actually consists of Cu2+ and SO42- ions.

With a one amp of current flowing, 6 x 1018 electrons will flow every second, and therefore 3 × 1018 atoms will be removed from the wire—about 0.65 milligrams—and added to the counter-electrode.

Usually the needle on a mechanical display is moved by a change in the force on a torsion spring that is itself constant in strength. The Bourdon gauge, the common kind of pressure gauge, and moving coil electric meters work on this principle. Here we invert the principle, keeping the force constant (gravity) and varying the strength of the spring.

Now, a torsion spring responds to an applied torque of twisting force ([image: image] ) by moving through an angle (φ) that is proportional to the spring constant (K), divided by the length (L). In math, [image: image] = φ K/L. This constant K can be shown to be:

K = o.s. π µ r4,

where [image: image] is the wire radius, and µ the modulus of rigidity (the stiffness of the wire). So, as the radius decreases with the etching process, K will go down. For every 1 percent that is etched away, the spring constant will shrink by 4 percent, and the indicator needle will shift by 4 percent of its displacement from its zero position. If we put in some typical numbers, we will see that a needle that is displaced 180 degrees from its zero torque position will increase its displacement almost 10 degrees when a wire of 90 microns is etched 1 percent thinner.

Could we detect the removal of a single atomic layer with the Torsion Time Pencil? An atom is on the order of a few nanometers across: let’s say 3 nm. One micron is a lot more than this—300 times more. But if we could detect a movement of 1/30th of a degree on the indicator needle, then we could indeed detect the removal of a single layer of atoms. This is small. But if we could get a wire twisted several turns over its length, then we could get perhaps 10x this sensitivity. With a mirror-and-laser magnifying pointer, it might be possible actually to see a single atomic layer.

And Finally . . .

Could we make a more robust instrument by employing an alternative material to copper for the wire? Would a strong steel wire be workable, for example?

You could make a Torsion Time Pencil using just an acid or alkali and a wire made from, say, steel or aluminum respectively, avoiding the need to use a battery and a counter-electrode to power the etching process. But there might be other problems. Hydrogen might form in the wire, for example, or the etching on the wire surface might prove uneven. Will a non-electric Torsion Time Pencil really work well?
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4. THE SWELL-GEL FLOWSTOPPER—STOP WATER GOING UP YOUR GAS LINES



“Curiouser and curiouser!” cried Alice . . . [and] she sat down and began to cry again. “You ought to be ashamed of yourself,’” [she] said, “a great girl like you,” (she might well say this), “to go on crying in this way! Stop this moment, I tell you!” But she went on all the same, shedding gallons of tears, until there was a large pool all round her, about four inches deep and reaching half down the hall.

Lewis Carroll, Alice in Wonderland

Look into the little packets of material that you purchase to save you the trouble of watering your flowerpots and indoor plants, and you will find small crystal-like pieces of clear plastic a few millimeters across. Tear open an unused disposable diaper, and you will most likely find a similar material. The sole purpose of this material—its raison d’etre— is to absorb water. These granules swell like crazy when they become wet.

What other possible uses could we find for this magical gel?

The Swell-Gel Flowstopper is one possibility. This device was born out of the need to protect delicate instruments, such as gas analyzers, from accidental contact with the corrosive acids and alkalis that are often used to generate gases. If an aqueous liquid gets down the line, it will flow along with the gas to start with, and then come to a stop when it hits the bed of gel. This swells in a matter of a second or two, effectively stopping the flow before much more than a cm3 or two have made it downstream past the flowstopper.

What You Need

Swell-gel

A measuring cylinder

Clear tubing

A check-valve with a moving shuttle (see text)

A source of airflow (e.g., an aquarium pump)

3 mm (1/8") coarse felt

The spring from a ballpoint pen

Salt

And of course . . . water

What You Do

First test out your swell-gel to determine its properties. Put a weighed quantity into a measuring cylinder. In a one liter (two pint) cylinder, maybe try out 10 g (½ oz.) of swell-gel for a first test. Add a metered amount of water, stir vigorously, and see how much and how quickly it is absorbed. Now try the same amount of swell-gel in a strong solution of some kind in place of the plain water. A concentrated salt solution, for example, will likely behave differently—although different formulations of swell-gel do differ quite a bit. How strong is the resultant gel? Does it lose all its water when you press down on it?

Now test its power to move a piston. Try to do the same kind of experiment using a “cafetiere” (one of those glass coffeemakers with a filter attached to a rod that you push down from the top; also known as a French press). Again, charge it with a limited amount of gel, then add water, stir vigorously, and see what happens. Measure how far the piston has moved each 30 seconds or so.

[image: Image]
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The graph above shows the kind of expansion you might get. Instead of simply plotting the distance moved by the piston versus time, you could try estimating the original volume of the swell-gel and then plotting the expansion of the gel versus time. This is what is shown on the plot here. I think the gel actually swells rather more rapidly than this graph would show, since in this test the water has to flow through the cafetiere filter, and the bottom layer of gel can’t get enough water to expand properly.

First you will need to rig up the valve. The objective is to use the expansion of the gel to push a piston whose head will seal off the flow of fluid entering a container. We don’t have to make such a gadget, however, since they exist in the form of check-valves—one-way valves. These valves have inside them a moving shuttle, a little piston. The piston head is held against a seat, an O-ring seal, with a spring. This shuts off the flow of gas, unless there is a certain minimum forward pressure available to push the piston back against the spring. If there is backward pressure, the check-valve just shuts off even tighter. The normal gas flow path is past the seat, then through holes in the shuttle, and then through the body of the shuttle and out.

With the correct design of check-valve, all you will need to do is remove the spring and then pack the swell-gel granules inside and behind the piston, where the spring usually goes, adding a new spring to hold the valve open. To hold the granules securely, you should put in a coarse pad of felt at each end of the bed of granules, as shown. Now the assembly can be put into clear tubing, perhaps with an aquarium air pump to provide a steady flow of air. Try to ensure that none of the granules—or tiny pieces of them—get into the area between the piston and the valve seat. They might swell and get trapped in that area and prevent a good closure of the valve. You should include, if possible, a tiny spring to hold the shuttle back, keeping the valve open. The spring from a retractable ballpoint may do the job, suitably cut to length.

All you need to do now is to put water in the tubing, then reconnect the air pump, and test the device out. The swell-gel valve should be put into the gas line in the opposite way round from its original check-valve position, with the air coming from behind the shuttle. Try filling a loop of tubing with water, leaving the pump and valve end dry. Then reconnect. With luck, the pump will run and the water will flow through the tubing freely—until it gets to the swell-gel valve. For a moment you may think the device has failed, as a little bit of water will get through, but then, in a fraction of a second, the flow stops. The gel has swollen and driven the shuttle hard against the O-ring seal.

How It Works: The Science behind Swell-Gel Flowstoppers

Swell-gel is often referred to as SAP (super-absorbent polymer). It is usually capable of absorbing around 100 times its own volume in water, although this capacity does depend upon whether you use pure water or a strong solution. Much more pure water will go into the gel than, for example, salt water.

The swell-gel is actually a polyacrylate polymer, made by polymerizing acrylic acid, an unsaturated organic acid:

[image: Image]

The acid is polymerized using a catalyst, then neutralized with sodium hydroxide to yield a polymer sodium salt. This polymer is then chopped up and dried out before being sold. There are alternative polyacrylamide swell-gels.

Why does it swell up when water is added? The secret lies in hydrogen bonding and the open 3D structure of the polymer. Rather low-energy bonds are formed between water molecules and the oxygen atoms in the polymer’s backbone—bonds of energy around 20 kJ/mole. These bonds are between 10 and 50 times weaker than regular true chemical (covalent) bonds. Relatively weak though it is, hydrogen bonding is stronger than thermal energy (c. 2 or 3 kJ/mole), and it can pull water molecules into the open structure of the polymer, despite the effort of random thermal motion to pull the water out again.

Swell-gel has already found lots of exotic uses. It is used in fire extinguishing, for example, in heat or cold packs, and even for making the artificial snow used by filmmakers.

And Finally . . .

Swell-gel effects have been used to prevent petroleum spirits or solvents from getting into natural water drainage. Granules of rubber will swell to a much larger size in solvents, just as the swell-gel expands in water, and they can block off a drain that would otherwise allow water or pollutant to flow through it freely. They are not absolute shut-off valves, like the one we have been experimenting with here, because they use the rubber granules themselves as the valve, but they work well enough to be useful in many situations.

Why not try out this principle yourself? You could put swell-gel granules between two coarse filters in the clear tubing. Check that air flows freely, then try letting water into the line to see if it gets through, and, if it does, calculate how much gets through or how much the swell-gel slows down the flow. If the idea works well, you could add further absorber downstream, which would stop any liquid from making it into any downstream device.
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5. THE VORTEX PUMP—WHIRLING WATER MAGIC



The Total Perspective Vortex derives its picture of the whole Universe on the principle of extrapolated matter analyses. To explain—since every piece of matter in the Universe is in some way affected by every other piece of matter in the Universe, it is in theory possible to extrapolate the whole of creation—every sun, every planet, their orbits, their composition and their economic and social history from, say, one small piece of fairy cake.

Douglas Adams, The Restaurant at the End of the Universe

You don’t have to travel far to observe a vortex. If you are drinking a cup of tea or coffee while you are reading this, for example, just take the spoon from the saucer and stir the cup vigorously. You will see the middle of the coffee surface begin to dip downwards further and further as the liquid swirls around faster and faster. Overdo it, of course, and your coffee will end up in the saucer, an effect to which we will later return. And when you stop stirring and take the spoon out, you will notice that the coffee goes on rotating around the dip in middle, then gradually slows to a stop as the hole in the middle flattens out.

When your personal storm-in-a-teacup has subsided completely, try pushing the spoon fairly quickly just once across the cup. Look looking carefully near the teaspoon and you should notice a vortex behind each side of the spoon. The coffee has been set into rotating motion by coffee being pushed out of the way sideways. The same thing happens on a vaster scale when deadly whirlpools form in the sea. Driven by tidal currents, giant whirlpools like the Corryvreckan off Scotland or the Saltstraumen maelstrom off Norway can and do sink seagoing vessels from time to time.

Now, if you happen to be outside, look up at the sky. See that jet plane high in the sky, moving—it seems like crawling—along. Behind it there is a twin trail of white cloud, the condensation trail or “contrail.” If you have a pair of binoculars handy, take a closer look. You should be able to see that the trails most often come from the wing-tips—not from the engines—of the jet, and that they have a helical form. Each one is a vortex, formed when air at higher pressure below the wing tried to sneak across and flow toward the lower pressure above the wing. Because the plane is moving along as this happens, the net result is a vortex, one at each wing-tip—rather like the two tip vortices formed by the spoon.

The tip vortices of a plane are a problem. They represent wasted energy. And of course, the Corryvreckan, the Norwegian maelstrom, and others of their ilk can be life and death problems if you happen to be at sea without enough power to escape their grasp. But there is at least one way in which we can put a vortex to good use. We can turn it into a pump . . .

What You Need


A motor with a step-down transmission, e.g., 5:1 or 10:1, as used in toy cars

Balsa to make stirrer vanes, sheets of 3 mm thickness will probably work, but plastics could also be used

A clear chamber in which to contain your vortex—for a small device, a two-liter (40 oz.) soda bottle will be fine

Reservoir chambers (lower and upper reservoirs). I used a cut-away gallon container that previously held windshield washing liquid

Stubs to fit tubing to chambers (or you could just use hot-melt to glue the tubing onto the chambers; it works fine with lightweight tubing)

Lightweight large-bore tubing (I got hold of a sample of the ribbed tubing that hospitals use in disposable anesthetic systems—it looks a bit like the tubing used in twirl-a-tune toys)

Clamps and stands, or blocks of wood

More blocks of wood, glue, tape, etc.

A DC power supply to suit the motor—the adjustable type is preferable Water



What You Do

The Vortex Pump system in the diagram comprises a vertical cylindrical vortex chamber with a rotating stirrer that has an inlet below and an outlet near the top.

[image: Image]

An upper and a lower reservoir complete the assembly: the vortex should be able to move the water from the bottom to the top once it is working nicely.

You need to coordinate the size of your motor and the sizes of the vanes and chamber to ensure that the motor will have enough power to stir the water fairly vigorously. We used the rear-axle assembly from a toy car for our first few vortex demonstrators. Remove the drive axle (normally the rear) with the motor and transmission from the toy, making sure that you preserve the wires to the motor, and remove one of the wheels. The simplest vanes are just a pair of sheets with slots, assembled to form a cross-shaped stirrer. You can decide the aspect ratio (ratio of length to diameter) for yourself, but for your first assembly, you would do well to try a ratio between 1:1 and 4:1. The example shown in the diagram is 2.5:1. Glue the vane assembly onto the wheel, ensuring that it is square on and will rotate reasonably accurately around its axis.

Try the motor out on a typical voltage, with the vanes dipping vertically into a large basin of water, and observe what happens. You should see the water form a hole around and inside the whirling vanes. How deep is this hole? If it is just a centimeter or two in depth, you will need more power—or maybe vanes with a larger diameter. Keep trying until you can get a vortex hole that is, say, half the depth of the vanes or more. Now try the motor and its vanes in a chamber that is a centimeter or two larger in diameter than the vanes.

If all is well, you can now proceed to complete the vortex chamber by drilling the central inlet hole and the outlet hole, and fitting in the inlet and outlet stubs. These can be simply pieces of rigid plastic tubing glued into the chamber as shown, or you could use hollow threaded bolts, the kind designed to fit hose attachments to tanks. The upper reservoir doesn’t need a stub attachment; you can simply tape the tube so that water from the outlet goes into it.

Now fill up the reservoir chamber and ensure that the water transfers to the vortex chamber. With your vortex motor suitably supported, set it rotating slowly and make certain that it rotates centrally in the vortex chamber. You will see the water forming the characteristic paraboloid surface in the middle of the chamber. Now increase the applied power. With luck the water will now be above the level of the outlet and will begin to flow from the lower to the upper reservoir. As you increase the power, you should get a steeper paraboloid surface and more water pumping out. But if you overdo it, then, as in a cup of coffee stirred too vigorously, the water will splash out above the top of the vortex chamber.

The vortex pump works by flinging water away from the center of the chamber by forcing the water to rotate. It tries to maintain a straight-line motion, moving to the wall of the chamber until the steeply sloping surface that forms causes it to start flooding back. The resulting paraboloid surface is produced by the equilibrium of these two tendencies in the center of the chamber.

You will see that the water does not rotate entirely smoothly: power is also wasted in smaller motions within the water.

You can measure the rate of flow of the water by capturing some and putting it into a measuring jug. Try applying different amounts of power on the vortex, and see if this correlates well with the volume of water pumped.

Can you make a longer, thinner vane assembly with a vortex chamber of matching dimensions that will transfer water a longer distance upward? Or is there too much loss of power? And what about the opposite situation? If you only need a small head, would it be better to use a larger-diameter rotor with a lower aspect ratio in a larger chamber?

How It Works: The Science behind the Vortex Pump

A paraboloid surface is one in which the height of the water increases as the square of the radial distance. So at 1 cm from the center, the height might be 1 cm above the middle; but at 2 cm from the center, it will be 4 cm high; and at 3 cm, 9 cm high, and so on.

You can use the equation H = o.s. ω2 R2/g to plot a spreadsheet graph. The shape should match of the central part of the vortex you see in the Vortex Pump. H is the height, ω is the rotation rpm (in units of radians per second), and g is gravity. You can think of this equation as arising from the fact that the centripetal force (ω2R) needed to keep water from flying outward is provided by the gravitational potential energy of water (mgH) differentiated with respect to radius to give a force.

As the surface gets nearer to the wall, however, this law breaks down and you see a flat surface near the wall. This is because the vanes don’t rotate the water that is right next to the wall; the speed of rotation slows down rapidly beyond the vanes until, at the wall surface, a tiny bit of the water—the boundary layer isn’t rotating at all. You can think of the water in the chamber as a set of cylinders nested inside each other, rotating at slightly different speeds, stationary at the edge, then rotating more and more rapidly until you get to the edge of the vanes, where all the cylinders rotate at the same speed. These cylinders exert a drag force on each other—due to the viscosity of the water. Fortunately, however, the viscosity of water is low, so that drag is low too.

And Finally . . .

Instead of a set of stirrer vanes, you could try a smooth cylinder. Surprisingly, such a stirrer works well. It needs to be rotated considerably faster than the vanes we looked at on page 172, but it has a similar effect on the water surface, and it can be adjusted to fling water out and upward to the outlet pipe in the same way. If you want to apply some math to this process, you will probably find that the analysis of this rotating cylinder stirrer is simpler than that of the vanes.

There are many possible improvements you could make. What about a multi-vortex pumping system, where one vortex feeds another? You just feed the outlet tube from one vortex to another via a tube—but is there a more efficient way? And what happens if one vortex pumps faster than the other? Does it regulate itself, or do you need to add a control valve between the two?

Patent


Maddock, Thomas Merlin and Alun K Lewis. Vortex device for separating oil or floating algae from water. UK Patent GB2354462, filed September 22, 1999, and issued March 28, 2001.




In industry, vortex surfaces have been used for separating oil and water; the patent listed is one of many.





6. WAXAULICS—HYDRAULICS FOR CANDLES



“The time has come,” the Walrus said,

“To talk of many things:

Of shoes—and ships—and sealing-wax—

Of cabbages—and kings.”

Lewis Carroll, Through the Looking Glass

Wax is in many ways typical of organic solids, and it is mostly these typical properties that we will put to use in this experiment. The fairly low latent heat of melting of wax will be important here, and also its low heat capacity.

The purest form of wax, paraffin wax, is comprised of alkane hydrocarbons—molecules consisting of nothing but hydrogen and carbon, with only single-chemical bonds—containing between 20 and 40 carbon atoms. Being a mixture of different molecules, it does not have a precisely defined melting point, but typically it melts between 45° and 70°C (113° to 158°F).

Other waxes may contain other atoms: stearic acid, for example, often used with other waxy materials to make hard candles, includes oxygen in the form of a carboxylic acid group (COOH) at the end of a long 17-carbon chain. Esters of long-chain carboxylic acids and long-chain alcohols are also waxy solids that can form waxes in mixtures.

Wax has some curious properties too: it is not really fully a solid, nor is it either completely crystalline or completely amorphous. It also has the property, crucial in our project here, of expanding with temperature. And it expands particularly rapidly when changing from solid to liquid. This is of course the normal way of things. Everyone knows that as water freezes it expands, which means, naturally, that ice shrinks when you heat it to form water. But water is highly exceptional. Almost every other solid you can think of expands when you melt it, although not always as much as wax. Waxes can expand up to 20 percent over a temperature range. That temperature range varies with the formulation of the wax, but it can be as wide as 20°C (40°F) or as narrow as one or two degrees.


MOVING WAXWORKS ON EARTH AND IN SPACE

Wax actuation is actually used in a number of very different places—in washing machines, in cars, and, believe it or not, in NASA space vehicles.

In cars, a wax actuator is used in a fairly simple way. It is typically a thin metal bellows filled with wax that seals off the engine block from circulating cooling water from the radiator while the engine is cool. As the engine heats up, the bellows expands and opens the valve to divert pumped cooling water through the engine block. Wax actuators in spacecraft use an electrical heating coil inside a piston/cylinder, an arrangement that resembles our syringe-based project much more closely. They have been used to deploy antennas and to retract protective covers. They cannot easily be used in situations where synchronized action is required, because the relatively slow warm-up means that precise synchronous movement is difficult to guarantee.



What You Need


A syringe

Nichrome resistance wire (diameter 0.38 mm to 0.24 mm, gauge 28–34 SWG or 27–31 AWG)

Insulated connecting wire, ideally varnish-insulated transformer wire

An adjustable DC power supply

A weight

Meccano or Erector Set parts

A ruler

Wax

Epoxy resin

Aluminum solder

Thick strong paper



What You Do

First build up the Meccano or Erector parts—or their equivalent in wood—into the hydraulic crane arrangement shown in the diagram. Ensure that the whole assembly is rigid enough to support a largish weight (say 250 g to1 kg [1/2 lb to 2 lbs]). You may need to brace the syringe so that it can’t bend where the plunger enters the barrel, since we will be using the assembly with the plunger about 2/3rds of the way up the barrel.

Wind the nichrome wire into a helix that is a loose fit—with at least 1 mm clearance—in the syringe. The resistance of the helix should not be too low, so that you don’t overload your power supply. Solder connecting wires to the nichrome wire, using aluminum solder to make the task easier. Then remove the syringe, extract the plunger, and insert the coil so the connecting wire tails protrude from the syringe outlet. Make a paper tube and then insert it so that it surrounds the coil. The purpose of the paper tube is to avoid the problem of the coil contacting the plastic of the syringe barrel and melting it. If that should happen, you will find that your wax actuator will leak rather spectacularly. It will produce a fine spray of tiny droplets of hot molten wax—which are not dangerous but certainly unpleasant if you happen to be struck by them—and will promptly drop the weight that it is lifting.

Seal the connecting wires in epoxy resin at the point where they go through the nozzle and allow the assembly to set. The next step is to fill the device with wax. First, prepare the plunger by taping a small piece of wire to its side and curling the wire around the seal. The purpose of this is to provide a leak path to let out the air bubble that you will trap underneath the plunger seal. Melt a small quantity of wax and pour it into the barrel, filling it only to about the 2/3rds or 3/4s mark. Quickly push the plunger into the end and pull out the air-leak wire.

[image: Image]


Hazard Warning

Melt wax carefully in a very small saucepan—wax is not very flammable and is thus very safe—until it is heated. And we are heating it. Always have a fire blanket on hand in case the wax in the saucepan ignites. Also bear in mind that if you spill wax on your skin, it will not run off like water—it will stay stuck onto you releasing all its heat and potentially giving you a mild but still painful burn.



Now install the syringe in the crane assembly and try applying heat with the DC power supply. Start with a low level of power, and watch carefully as the wax melts, first around the coil, but then spreading throughout the length of the syringe. Slowly, the crane should start to lift, glacially at first, but gathering speed with time. You will sometimes notice a few small bubbles of wax vapor forming, which is harmless. Larger bubbles indicate that the wax is boiling. Cut off the power once the wax is completely melted or if you see it boiling.

Try plotting the lift versus time as you apply heat. The plot below shows the result I got with my rig. You won’t get the same result, because your wax will be different, but you will probably see something along these lines. Try different levels of power. Try different load weights. You will probably find that even a small (1 cm diameter) syringe will easily lift a 1 kg weight.

[image: Image]

How It Works: The Science behind Waxaulics

Wax is actually a mixture of substances, and this means that it does not behave in the same way as a pure material. Pure stearic acid, for example, is a waxy substance (and a typical constituent of candle), but it is a pure substance with a precise chemical formula: CH3(CH2)16COOH. It melts at exactly 69.6°C and boils at exactly 383°C. But candle wax is actually a mixture of substances, and this means that it does not behave in the same way as a pure material. When you mix two substances, if they dissolve in one another—instead of forming a separated mixture, the way oil and water do—then the mixture will generally melt at a lower temperature than either of the substances by itself. Typical mixtures will not go from solid to liquid—melt—at a precise temperature. Instead they go from solid to a paste, then to an increasingly runny paste, finally to a true liquid, as they are heated.

A eutectic mixture of two pure materials is one that melts at a lower temperature than any other mixture of the same constituents. Eutectic mixtures often behave more like a pure substance, in that they often melt at a well-defined temperature. A common example is tinman’s solder, a mix of 63 percent tin and 37 percent lead that melts at 183°C (362°F), compared to 232°C and 327°C, respectively, for the pure metals. Another example is the eutectic alloy made of 22 percent sodium and 78 percent potassium. Unlike its solid precursors, the alloy remains in a liquid state to below the freezing point of water. (It was the liquid metal used in Albert Einstein’s refrigerator design.)

The wax, as it heats up, but especially as it melts, expands considerably, much more than a typical ceramic or metal. This expansivity or coefficient of linear expansion is often written as a and is very small for most materials. Metals have an expansivity in the region of 10–20 parts per million per °C, while the expansivity of ceramics is still smaller, between 5 and 10 parts per million per °C. Organic solids have higher expansion coefficients, around 100 parts per million per °C. Waxes have even larger a values, sometimes several times larger than this, and many expand several percent over 50°C. However, the expansion that results when a substance goes from a solid to a liquid state is greater than figures of this sort, being on the order of 10 percent or more for many waxes.


FREEZING POINTS AND HOW TO WEIGH A MOLECULE

It is a curious fact that careful measurement of the freezing points of mixtures can allow you to determine the molecular weight one of the components in the mixture. It works like this. The freezing point of a pure liquid is depressed a little when you add another dissolved solid to it. The amount by which the freezing point is depressed is, at low concentrations, proportional to the molecular weight of the additive and its concentration. So, if you know by how much known substance A lowers the freezing point of the liquid, then, once you have measured the effect of substance B on the liquid, you can calculate the molecular weight of B.

But why should freezing points follow this law?

It follows from the Kinetic Theory of atoms and from what the Kinetic Theory says happens at the surface of a crystal as it forms. In a pure liquid that is melting, two things are happening: atoms in the solid are jiggling themselves away from their friends in the solid crystal and joining the atoms in the liquid, while atoms in the liquid are finding themselves drawn from the moving chaos of the liquid into the lattice-like embrace of their new crystalline neighbors.

At a certain temperature, which we call the melting point of X, the two opposing motions of the atoms act equally: they are at equilibrium. But this equilibrium is upset by the addition of a little of substance Y. Y atoms don’t fit into the crystal lattice of X atoms. At the melting point of pure X, the number of atoms leaving the solid is the same. But the number of atoms leaving the liquid to form new crystal is reduced, because, some of the time, the atoms leaving the liquid are atoms of Y, which doesn’t form more crystal. In effect, Y makes the crystallization process slightly more difficult. You can get the dissolving and crystallizing processes back in equilibrium again if you want, but only by lowering the temperature a bit. In other words, the melting point of X with a little Y added is lower than that of pure X.

This is the reason why salt water doesn’t freeze until it is a few degrees below 0°C (32°F), and why we salt roads in the winter.



And Finally . . .

You could try to make a wax actuator using an alternative mixture of organic solids. Try stearic acid—it is often available from craft suppliers for mixing with other waxes to make hard candles.

Finally, using a glass or metal syringe would allow you to work with higher temperatures. Perhaps the optimum tool would be a metal syringe lined with a thin insulating layer, maybe a thin foil of PTFE (Polytetrafluoroethylene, aka Teflon): this would resist the heat of the nichrome helix without affecting the action of the device.

Patent


Sergius, Vernet. Thermostat. US Patent 2,115,501, filed October 1, 1934, and issued April 26, 1938.




An early patent for a wax thermostat for controlling the cooling water in an automobile engine.





7. TELESTRINGS—REMOTE-CONTROLLED ART



Un bon croquis vaut mieux qu’un long discours.

[A good sketch is worth more than a long speech. In other words, one picture is worth a thousand words.]

Napoleon Bonaparte

With just a single string you can write Morse Code at a remote location. But with two strings, you can do a lot more. With two strings capable of fairly delicate movement, you can actually write letters and words, at least over a modest distance. The two strings provide, in effect, more-or-less Cartesian (x and y) coordinates. As you trace a sketch at the input, you pull the input ends of the two strings to and fro, and the output ends of the strings copy these movements, directing a pen over the output paper.


TELAUTOGRAPHY

Electrical remote writing—often dubbed “telautography”—has occasionally been used as a system of communication. First proposed by Alexander Graham Bell in the late 1870s, the system was widely available in the early twentieth century. In the days before computers, a telautograph was an alternative, albeit a rare one, to a fax machine. A special need was usually what drove its installation: the need to transmit signatures, for example, or simple sketches and drawings. US coastal forts, for example, once had a system of electrical remote writing. The system was installed because first-generation telephones were very quiet, and army gunners tend to be a little deaf. It’s an occupational hazard.



A similar system of measuring cord movements, although not the transmitting of those movements, is occasionally used in drawing digitizers and other measurement systems. For example, much fundamental particle physics work was done in the 1960s and 1970s using liquid hydrogen bubble chambers. These produced confusing masses of bubbles, but, amongst them, there were also tiny but very accurately formed tracks resulting from particle collisions. These tracks were digitized using twin-string capstans connected between a human-guided puck and a computer. The system made possible the discovery of many of the particles from which quark theory was derived.

Here’s how you make a Telestring machine . . .

What You Need


An inextensible cord or, better, a very thin, flexible steel cable

Pulleys, ideally the ball-bearing type

Two square wooden panels; e.g., 300 mm (1') square

Two wooden battens; e.g., 50 × 25 × 300 cm (2" × 1" × 10')

Sundry pieces of wood, screws, etc.

Lucite (Perspex) circles; e.g., 25 mm (1") in diameter, for making transmitting and receiving pucks



What You Do

First decide over how big a distance you want your Telestring to work. Then you can cut the wood that separates the transmitting and receiving stations, and pulleys can then be mounted at the top corners of the boards.

The pucks need to slide smoothly over the input and output sketches. They should be designed to offer you a view of the drawing, and they should have a hole in them that is a reasonable fit for a pen.

The cords should be joined to the pucks at right angles. Try to ensure that both pucks are roughly centered, with the strings drawn taut across their respective pulleys.

You are now ready to try out the Telestring. After you have fully adjusted the machine, have a go at sending a drawing. It’s probably a good idea to begin with an easily recognizable input object. Start with something simple, like a square or a triangle, or that physics classic, the Maltese Cross. (The Maltese symbol was, and still is, often used to demonstrate the straight-line trajectories of electrons.) Try sending these symbols in different orientations and in different sizes.

[image: Image]

First, sketch a simple input drawing. Mount it on the transmitter (Tx) board and mount a blank sheet of paper on the receiver (Rx) board. Now instruct your assistant to maintain a modicum of tension in the strings at all times, and also to maintain pen contact with the board unless you instruct him or her to lift the pen off the board for a moment. Now trace around the figure with the Tx puck, using a hard pencil or a rounded stylus rather than a strongly colored pen. Try to keep both pucks from twisting—so that the strings lie in the positions they would have if the pucks were very small. Send the same input a few times while you and your assistant get the hang of the machine.

Now compare your input and output drawings. Are there any differences? Are straight lines still straight? Is the input the same way up as the output?

The art of the making the system work is to pick drawings that are simple enough that they will come out looking recognizable at the receiving end, and to compare the input and output properly. Single letters, short words, and simple designs like company logos are good. Also, try to think up a way of producing the design that does not require lifting the pen. It’s a bit like drawing with an Etch-a-Sketch, the x–y drawing toy for children.

How It Works: The Science behind the Telestring

The Telestring works because the strings are approximately at right angles to the puck on either end. If we assume that this is exactly the case, then you can see more clearly how it works by rotating the normal x and y axes by 45 degrees. Think about what happens when you move the pucks in the new x or y direction, making sure that only one string moves at a time. It is clear from this “Gedankenexperiment” (thought experiment) that when you move the Tx puck to the left by 2 cm, the Rx puck will move to the right 2 cm, while for a Tx movement up 2 cm, the Rx puck will move down by the same 2 cm.

Now try drawing a handed figure (like the letter “F” or “G”) on a piece of paper, copying all your movements with opposite movements on the Rx figure. You should find that your Telestring reproduction is an upside-down mirror-image of the original.

For small movements of the puck near the center of the boards, the Gedanken analysis above holds good. However, for larger movements, there is more going on. The strings are no longer at right angles, and a movement with one of the strings only is not a straight line, but a circle. You can model this with the aid of a spreadsheet and some math. You will need to calculate from the input position of the puck X, Y, the distance of the puck from the two input pulley’s, call them R1 and R2. Then you can get R1' and R2' by subtraction, which allows you to calculate the output X' and Y' and plot them on the output graph.
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Now that you have set this up on your computer, all you need to do is draw an input figure on the left-hand side, with x and y coordinates, and then see what comes up on the right-hand side. An example is given below of what a character “4” looks like after it has gone through the Telestring simulator. You may find it helpful to draw your letter or other image on graph paper and then to read off the x and y values from the graph paper, typing them into the input columns on the spreadsheet.

[image: Image]

Telestrings and Satellite Navigation

The Telestring relies on geometry that is quite similar to the principles behind the hyperbolic navigation that we use every time we switch on a satellite navigation system or rely on our mobile phone to tell us where we are. The sat-nav system figures out where you are on the earth’s surface by noting how far it is from several satellites, which it does by timing how long a microwave radio signal takes to travel between the satellites and you. You can picture how this works by drawing intersecting arcs of circles or by sketching a quick map. If you are 5 miles from Brownham and 4 miles from Greentown, then you must either be in a lake or in Downieville (the circles intersect at these two points). But if you are also 3 miles from Orangedorf, then you really have to be in Downieville.

With sat-nav, however, the distances are huge. Far away in the remoteness of space, satellites circle the Earth at a height of thousands of kilometers—19,000 km for the Russia-based GLONASS, and 20,000 km for the GPS. On a much smaller scale, somewhat closer to our example, your cell phone may also be able to give you a fix based on your distance from the radio relay masts around you. With sat-nav, there are further complications, since the system also needs to figure out how high you are from the Earth’s surface, and it needs to know what time it is. This doesn’t sound too hard, until you remember that in this case the correct time means the time to the nearest couple of nanoseconds! Because you don’t want to have to include a bulky and expensive atomic clock* in your sat-nav unit, this is figured out from the same satellite signals.

And Finally . . .

How far could the Telestring actually communicate? The stretching of the strings is one of the factors limiting its range. You need to use a comparatively thin string, so that it will be flexible and go around the pulleys, and so there won’t be a large mass of string to accelerate and decelerate as you go around the figure. But a thin string will stretch. By how much? Well, if you put 1 kg (10 N, 2 lb) of tension on 10 m of a string with a diameter of 1 mm, you can expect a stretch on the order of 3 cm, which is clearly going to cause problems. The stretch (ΔL) you get is proportional to the length (L) of the string and the force (F) on it, and it is inversely proportional to the string cross-section (A) and the modulus (E):

ΔL = LF / (EA).

With a very lightweight output pen, so minimizing F, and highly inextensible string with a high E—maybe carbon-fiber string would be good—you might have a chance of transmitting over a larger distance. A regular string might get up to a modulus of 3 GPa, while the steel cable will go up to 200 GPa. Carbon fiber has a modulus of 300 GPa or so, depending upon how it is prepared, but is much lower in density than steel. The low density of carbon means that the carbon string won’t be so slow to move, and yet it won’t wobble around much. You don’t want your Telestring to vibrate like a double bass.

Reference


Rose, John H., The Life of Napoleon I. Camelot Press (London), 1913.




The great French leader Napoleon was a keen supporter of scientific and engineering projects.



Patent


Tiffany, George S. Telautograph. US Patent 1,544,871 filed October 25, 1918, and issued July 7, 1925.




Both Elisha Gray and Alexander Graham Bell filed much earlier patents, in the 1880s.





8. SQUIRTING STRING—GETTING STRING TO FLOW THROUGH PIPES



The sweetest girl, I ever saw,

sat sipping cider through a straw,

And cheek to cheek and jaw to jaw,

We sipped that cider through a straw.

Anonymous song

We have all sucked liquids through a straw. Curiously, the technique is one that has to be learned—it is not at all like drinking breast-milk. But by age five or so, pretty much all of us will have mastered the art of drinking a milkshake or a soda through a straw. Most of us also will have tried, at some point, eating spaghetti by sucking a strand through pursed lips. The result can be surprisingly effective, although a bit messy if small blobs of tomato sauce are flung off in the process. (Those last few inches tend to whip around!) In this gastronomic physics demonstration, the spaghetti works like a kind of edible piston within a cylinder made by the lips, the sauce acts like lubricating oil, and atmospheric air pressure supplies the energy that drives the process. In our demonstration here, we will instead look at ways to use a less obvious property of long pieces of string—or spaghetti—and a flow of air. Here the string will not act as a piston.

What You Need

String, about 2 mm (3/32") cotton string

A 1/4" T-piece (2 for string pong)

6 mm (1/4") fairly rigid (e.g., nylon) tubing

A valve for the tubing (2 valves for the string pong variation)

Compressed air; e.g., from a shop compressor, a paint spray-gun, etc.

What You Do

For this project it is critical that you use the right kind of string. It should have a certain amount of rigidity, so that you can thread it down the nylon tube to start the whole process off. Newish cotton string in a thicker size is fine. So is most string, in fact, but avoid very thin or floppy strings. They won’t work.

You don’t need a large volume of air, or a particularly high pressure. The tubing, fittings, and valve that I used for this demonstration were all intended for shop-compressed air at 7 barg (100 psig). The small compressors intended for paint spray guns are suitable. Try using just 1 bar or 2 barg (15 or 30 psi) to start with.

The simplest demonstration is done by connecting a T-piece to the end of a longish length of tube, and attaching a tube to take air to the T via a valve.

Now feed string into the tubing via the open end of the T for 10–20 cm (4"–8"), and then turn on the air. The string will shoot out from where you just put it, which is probably just what you expected. The string is just a long floppy piston, and the nylon tubing is the cylinder. Now try feeding in a meter (three feet) of string. Did the string just shoot out again? If so, feed in two meters (six feet) of string and try again. This time you will almost certainly see something quite different—and quite remarkable. Despite the air obviously hissing out of the tubing to wards you, the string doesn’t follow. Instead, it acts as if it is being sucked in by an invisible force that it pulling it away and into the tubing. A moment later, the string will emerge from the far end of the tubing, and it will continue to flow until it is all gone, or until the string that is feeding through the tube snags somewhere. Try threading the string through again, turn on the air valve to suck the string in, but this time, once a decent length has gone up the tube, stop the string and feel the force on it. Does it feel oddly as if someone (or something) is pulling on the other end?
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What’s going on here? Instead of behaving like a piston, the string is behaving like a flag in a breeze. Air rushing down the tubing is both acting on the piston formed by the string and also dragging the string in the eject direction; that is, into the short section of tubing the air passes through before it goes in at the T-piece. But air is also rushing down the tubing in the opposite direction, and dragging it in the suck in direction. Even if the latter air speed is lower, the much longer length of string that is subject to the action of the air rushing in the forward direction will exert a drag force greater than the drag and piston forces on the short section that is headed in the eject direction.

There are some practical points of refinement that you may want to attend to. You can get a higher drag force on the string by ensuring that not so much air goes backwards out of the input end of the tubing. You can achieve this quite easily just by just putting a stub of tubing with a slightly smaller inner diameter on the input of the T-piece. Another tip, to avoid losing the string out of the other end (and then having to rethread it into the tubing), you can just tie a knot in it. Getting the string in a tangle is another problem. Coiling it up carefully in large loops works OK, as does pulling it off a reel, if the reel has been carefully and not too tightly wound.

String Pong

Why not have a go at sending string to and fro along a section of tube? With two T-pieces, one at each end of the nylon tubing, you can send a long piece of string swooshing down to the far end by applying air to the near-end T-piece. And then you can get it all back again by routing air to the far T-piece. Tie a knot at each end of the string, and you can send the string backward and forward as often as you like without needing to rethread it.

So, what is this nonsense all about? What useful purpose could possibly be served by sucking string up and down through tubing?

Well, actually, it is quite useful. It is even the subject of some US and global patents, most of which refer to the installation of fiber optics for communication inside preexisting ducting inside buildings and underground around towns and cities. It is often the case that the fiber-optic system installed in an area will, after a certain amount of time has passed, need to be expanded to meet growing demand. As everyone uses the Internet more, and as services like video-on-demand (VOD) grow, as well as a myriad of other business applications, communication channels need to expand, and so do the fiber optics that provide that communication. So a system in which you can lay permanent ducting between offices buildings and then put in fiber optics whenever needed, can come in pretty darned useful. That way, the fiber optics can be increased ad libitum, and the system can be kept state-of-the-art and up-to-date. Communication systems are a rapidly changing area of technology, so even in towns that don’t change much, the fiber optics system around the town may need to change. And if you put our spaghetti-string system into operation, you’ll save yourself the trouble of digging up the sidewalk or the road every time you need to put in a new system.
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How It Works: The Science behind Squirting String

The magic ingredient here is of course viscosity. Although we don’t think of air or any gas as having much viscosity at all, it actually does have a very small viscosity, and a small viscous drag effect is all that is needed to provide string—or optical fiber—with propulsion. The math equation that tells us what is happening quantitatively, at least approximately, is:

F ~ µ L [image: Image] r.

So the greater the length of string (L), the air speed ([image: Image]), and the string radius ([image: image]), the greater the force (F) sucking the string in. The symbol µ is for the viscosity of the air. And although µ is small, it ain’t zero. In fact this force can be quite substantial, certainly plenty to pull a string or a cable through smooth tubing. The speed ([image: Image]) of the airflow rushing down the tube can be calculated simply by the volume flow rate (Q) divided by the cross-sectional area of the tube, π R2, or [image: Image] = Q / (π R2).

And Finally . . .

You could try longer lengths of tubing. What happens if the length of the tubing exceeds the length of the string? Does the string get tangled up once both ends are inside? With longer lengths of tubing, you may find yourself having to coil up the tubing, so what is the effect of bends in the tubing? Clearly, if the bends are too sharp for the string to bend freely along them, then there will be trouble, but what about long, gradual bends? Does it matter how many turns—or fractions of a turn—you make? And what about gravity—does it make much difference whether you propel string horizontally or uphill?*

What about trying other kinds of string? As the math discussion suggests, much thinner string won’t get as big a traction force on it. But unless that thin string is made of lead—or tungsten—it will be much lighter, so it probably won’t need as much force to propel it. The big problem with thinner string might be to get string of the right stiffness—rigid enough to thread into the tube to start with, but flexible enough to go easily around bends in the pipe.

We have seen how this science and technology has helped fiber-optic engineers. But could it be useful elsewhere?

Patent


Reeve, Michael and Stephen Cassidy. Optical fibre transmission lines. European Patent 0,108,590, filed November 8, 1982, and issued November 26, 1986.



* As a demonstration I have squirted string up a 4 m (13') long tube high over the heads of a lecture audience, weaving the tube from side to side.



9. SPIDER TECHNOLOGY—THE SILKEN SECRETS OF SPIDERMAN



He looked about as inconspicuous as a tarantula on a slice of angel food cake.

Raymond Chandler, Farewell, My Lovely

Spiders don’t always get a good press, but they deserve our admiration for some remarkable technology that is built into their minute, eight-legged bodies. They can make a variety of different kinds of silken thread—strong stuff, thin stuff, sticky stuff, and non-sticky—and they can make it quickly. The orb-web spider takes just an hour or two to weave a spiral-and-spokes web that is more artfully constructed than any fishing net. And that isn’t all. Many species of spiders can fly into the air on a fine thread, at least when they are young and small, while others can use their fine thread to tie up astonishingly large prey.

Equally remarkable is what we humans can do with threads of various kinds. We can make threads by pulling them from a molten pool of precursor material. This is how many of the synthetic fibers that go into our clothes are produced. The formation of a thread from a molten pool is even more important in communication. How so? What have silk threads got to do with cell phones or computer Internet connections? Well, it turns out that the best way to communicate data rapidly is via the blinking on and off of a laser, thousands of millions of times per second. This laser light can only get from sender to receiver, however, via a piece of crystal-clear glass rod. This rod or optical fiber, just 10 or 100 microns in diameter, roughly as thick a human hair, is thus the secret to global communication. The World Wide Web and the telephone system—both cell phones and fixed-line systems—all rely on optical fibers. Fiber optic cables criss-cross the Earth’s landmasses and carry their beams of laser light through the Stygian gloom of the planet’s deepest oceans. And how are optical fibers made? By pulling a thread from a molten pool.

In this project we will have an opportunity to check out some spider technology. You won’t need any well-trained spiders, or any spiders at all, actually—although we may find a use for their webs. And you won’t need to be Peter Parker (aka Spiderman), with his fabulous base full of technical wizardry either. In fact, you will probably find just about everything you need to start spidering in your garage. Manufacturers of glue guns have spent years trying to stop the phenomenon they call stringing, the formation of fine threads of glue. Here we will reverse all that well-intentioned R&D and put glue guns to work producing threads.

What You Need


For Spider Silk

A hot-melt glue gun (the trigger-operated type works best)

Hot-melt adhesive or glue sticks

Some pieces of wood

Hairspray or spray paint

A squirt (water sprayer) bottle

 

Optional

A dimmer switch or diode

 

For a Spider-Web Spray Gun

A hot-melt glue gun

Small-bore metal tubing (e.g., about 1/8" OD × 1/16" ID [3 mm OD × 1.5 mm ID])

Plastic pneumatic tubing (rated for compressed air at up to 10 bar (150 psi) to join compressor to metal tubing

Compressed air: from an electric compressor or from an old tire and a T-piece



What You Do

First, have a try at making a set of spider threads with the glue gun and the pieces of wood. On one piece of wood (the base), put down 4 to 6 large blobs of molten glue, 1 cm or more across and at least 2 cm or so apart. Before they can cool too much, press the other (mobile) piece of wood against the base so that you get all the blobs to transfer a little glue to the mobile piece. Now pull the mobile piece away from the base, taking care that the threads that you form don’t catch the ground or anything else as they pull away. The trick seems to be keeping the base blobs hot enough that the tension on the thread as it is pulled does not get so high that the thread breaks. Another method is simply to draw a line of glue along one piece of wood, push the other piece against it, and then simply pull the two apart. Depending upon temperature, type of glue, etc, you will find that a large number of threads are formed. The number won’t be predictable, however, and many will agglomerate together.

[image: Image]

With some practice, you should be able to make sets of threads 10 m (30 feet) or more in length—longer than most rooms in which you try this out. On a calm day you might do even better outdoors. For really long multiple threads, put the originating blobs farther apart, so that the threads are less likely to touch and stick together.

You can also just spin hot-melt silk directly from a glue gun. Put down a blob somewhere high up, and then pull the glue gun away from that blob, gently squeezing the trigger as you go, and making sure that you keep a tiny blob of glue on the tip of the glue gun. Find a suitable frame—maybe just the top of a large cardboard box, and try weaving a web of threads going from side to side across the frame. The easiest web to try is a Cartesian X–Y web, which is not much like a real spider’s web of course. Trickier to produce is a web like the spokes on a bike wheel. And can you then put down a spiral of threads on top of those spokes?

Outdoors you will be able to make very long threads. You can start a blob of glue at the end of a long pole, say 3–5 m (10'–15') in length, which you then pull upright, spinning thread as you raise it. Walk away from the pole pulling silk behind you. You will find that you can make threads 150 feet long (50 m) with practice.

Outdoors on a blustery day, you could try spinning a thread with wind-power. Standing with you back to the wind, release a small blob of glue. With luck, the wind will pull a thread from the gun, and by walking backwards you can extend the thread. Alternatively, use a long stick to pull a long thread from the gun, and then try to release a loop of thread from the stick and the gun. We’re getting closer to spider technology here, as this mimics the way spiders use the wind to tension the forming thread as they start their webs. Once they have spun a thread into the air and hooked it around a neighboring twig, they can march along that first thread carrying more threads, and thus create a circular web across the branches,

Try different glue sticks. Most are based on EVA (ethylene vinyl acetate polymers), but some are not, and some, although based on EVA, have significantly different properties—different additives maybe, or different polymer chain lengths. One type you may find is polyamide-based. You can get some guide to the properties of different glue sticks if they come with a datasheet with a description of their chemistry and their setting time. What works best? Shorter setting adhesives, or longer setting adhesives? Polyamides or EVA polymers?

The glue gun may well work best when it has cooled slightly from its normal operating temperature—which of course is what happens when you take it outside with the power supply disconnected. But you could try reengineering your glue gun to run a little cooler all the time.

I measured the temperature at the tip of my gun at 190–200°C when fully warmed up indoors at room temperature. I could reduce this between 15 and 20°C by adding a diode into the circuit. You just put a diode in series with one of the AC connections, perhaps installing it in the handle of the glue gun. The diode should be of the high voltage type, say 800 V, with a current rating of 1 A or more. A diode fitted in this way will reduce the power delivered to half what it normally is: instead of both positive and negative cycles of AC delivering power, only one of them will.

You can achieve an even greater reduction in tip temperature by using a dimmer switch. I found a reduction to between 150 and 160°C useful. Try using different temperatures on different glue sticks, to see what differences you can observe.

The threads you make will vary a lot in size, depending as much upon how you make them as on the glue stick material. You can increase the visibility of very fine threads by spraying them with water. Use a fine spray to avoid breaking the threads. With the right density of water, you should see the water breaking up into almost spherical drops that look like beads neatly threaded along the silk. This is the result of surface tension forces.

You can also try spraying with paint or hairspray. If you wet the threads thoroughly with the spray, you will again notice the formation of beads. You can also spray natural spider web with water, hairspray, or paint. Fluorescent or white paint will give the greatest visibility. Try spraying obliquely at the web, not at right angles to it: this will maximize the amount of liquid that falls on the web. Look at the filaments after you have treated them. They may look continuous at first glance, but the paint and hairspray will form rows of tiny spherical beads, just as the water did on your glue threads. They form even on the smallest diameter thread, although you may need a magnifying lens to see them properly.

A Spider-Web Spray Gun

Now have a go at making a web gun. You need to tape the length of small-bore metal tubing to the glue gun, ensuring that the air blast will impinge upon glue emerging from the nozzle, and at an angle that it as close to axial as you can make it—blasting slightly upward is best.

You then need to narrow the end of the nozzle. The easiest way is just to crush it in a small vise, until the opening area is, say, half the area of the tubing ID. This will cause the air to blast out at high speed.

The most convenient source of compressed air is an air compressor. The electric-powered sort used for amateur paint spraying that has about a 10 liter reservoir cylinder is good. The control valve that switches the air on and off can go on the compressor, or, more conveniently, at the gun end of the compressed air line.
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If you don’t have and can’t borrow a compressor, you could use an old tire—preferably a large one. You can charge it with air via a T-piece using an auto tire-pump, the kind you plug into the auxiliary socket or pump with your foot. You will need to remove the tire valve—not the whole rubber pipe, just the metal mechanism inside. In this way, once you have stored air inside the tire, it can flow out freely toward the gun. The spare arm of the T-piece is connected to the gun, of course.

Now hook up the compressed air and try out your web gun. Switch on the air and then squeeze the trigger gently to release a blob. With luck the air will catch the blob and throw it forward, carrying a stream of spider silk with it. Keep the glue feeding in and the silk should just continue to flow, landing a few feet away and spreading over whatever it finds. If you have a set of props to enwebulate, such as a table set for dinner, for example, so much the better. In a few minutes you will accumulate enough artificial spider web for a late-night horror movie! You will find that once a few threads have landed, they tend to form an outline on the props. The threads that follow then join up with these first threads, until you have a web entirely covering whatever is there, with just the tips of the props poking up.

How It Works: The Science behind Spider Technology

Spider silk is an organic polymer that can have a strength of 2 gigapascals (GPa). This is twice as strong as nylon, and stronger than many metals. Polymer materials, if they had the strength of the covalent chemical bonds that hold them together, would all be this strong. Bonds to carbon often have an energy to dissociate them around 500 kJ mol-1, or 10-18 Joules. Since the bonds are on the order of 100 picometers long, and if we recall that Force ~ Energy/distance, they ought to resist a force of 10-8 N per bond. This doesn’t sound like much, but in fact it corresponds to a strength (force/area) on the order of 1000 GPa. In the real world, materials never approach this magnitude of strength on account of confounding factors, such as surface and body defects in the material, which produce areas of weakness and reduce the overall strength enormously. But there remains the possibility that some yet-to-be developed material—perhaps something like spider silk—could conceivably be stronger than spider silk or any manmade product by a factor of hundreds.

The strength-to-weight ratio of spider silk is comparable to that of the strongest man-made materials, and it has been calculated that a length of spider silk would have to be 80 kilometers (50 miles) long before it would break under its own weight. It is nearly strong enough to make the Jacob’s ladder or space elevator method of spacecraft launching workable. In the hypothetical space elevator, an extremely strong string is led from the surface of the Earth up to a satellite in geostationary orbit, and a launch-vehicle spacecraft simply drives up the string, something like an elevator moving up a cable. There is a NASA competition underway to develop this technology.

Our hot-glue spider silk is not nearly so strong as actual spider silk. It is also much thicker, although this is something of an advantage, as it makes it easier to see. Most hot-melt adhesives are based on ethylene and vinyl acetate monomers (EVA). This polymer is usually compounded with tacky compounds like rosin (the sticky stuff from trees) and is actually slightly rubbery, although, unlike rubber, it is thermoplastic: it flows when heated.

Reducing the glue-gun temperature is useful, but as we saw, reducing power to a glue gun reduces the gun’s temperature only a little. There are two reasons for this. One reason is that the gun may have a thermostatic control: in which case reducing the power just slows the warm-up process. The second reason has to do with the nature of cooling: the amount of heat flow lost is more than proportional to the temperature difference.

The spinning of thread into an airstream, either in the open in the wind, or by firing it with the web gun, relies on air drag, the same principle that operated in our previous project in which air drag acted on a string squirting through a tube. The drag force (F) is proportional to the length of the thread, the air speed, the radius of the thread, and the viscosity of the air, µ—which although low, is not zero:

F ~ µ L [image: Image] r.

As you spin the thread into the air, it seems to droop toward the ground, until the wind catches it and pulls it out—and we can see now why this happens. There has to be a certain minimum length of thread—it’s shorter on a windy day—before the force is great enough to pull the thread out.

Spiders can go ballooning using drag forces. Some are so light in weight that the drag on a few meters of spider silk is enough to allow them to fall only very slowly through the air, so slowly in fact that if the air is moving upward—in a thermal current on a hot day, for example—then the spider can go upwards too. The spider’s balloon is not of course a round thing filled with lighter-than-air gas. It is just a single thread of silk. Strictly speaking, we should probably call this spider parachuting, since the spider is traveling downward relative to the air, even though his parachute is nothing like the usual sort of parachute in shape.*

You may have wondered if there is much science associated with the beads that form along a wetted thread—and the answer is “Yes.” The formation of beads along threads was first intensively studied by a most unusual Belgian fellow named Joseph Plateau. He spent most of his life studying surface tension, particularly bubbles. Bubbles are often difficult to observe, even for those of us with excellent vision, but the difficulties were multiplied enormously for Plateau because he was blind. He and a very few brilliant successors in this field, such as C. V. Boys, uncovered huge areas of science. There must be a thousand ways in which we use their discoveries today.

Plateau showed that surface tension forces in a liquid give it a tendency to minimize its surface area, and that a uniform column of liquid has a larger surface than a set of droplets. So a uniform cylinder has a tendency to break up, a tendency that Plateau measured with great precision in a number of different liquids. You can see this happening whenever you turn the water from a faucet down to a low flow. Lord Rayleigh followed up on Plateau’s experimental work, and today variations on the Plateau-Rayleigh Instability results are used in the investigation of areas of science as far apart as liquid jets from nozzles—ink-jet printing is one application of this science—to plasma instability in nuclear fusion reactors.

And Finally . . .

For outdoor web-weaving, it is decidedly inconvenient to trail around the electric cord on your glue gun. What about trying to find a gas-powered glue gun, or one that uses a rechargeable battery? The gas-powered type have a catalytic burner that runs on butane, while the rechargeable type needs to be returned to the charging base every 10 minutes or so, which both heats the glue gun up and recharges the battery.

The thermoplastic glue that you feed into a glue gun melts as you push it through the heated chamber and flows out via a nozzle. The nozzle usually has an anti-drip or draw-back valve arrangement inside it. This means that unless you squeeze with a certain minimum force, glue will not flow. There may also be a certain amount of drawback action, with the glue in the tip is pulling back inside the nozzle a little when you let go of the trigger. Will the removal of the valve help in the creation of long filaments? Or would just weakening—modifying or exchanging—the spring that holds the valve shut would be sufficient?

Cotton Candy Technology

Sugar syrup can be persuaded to form fine filaments, a fact that is utilized in the manufacture of what must be the lowest density food known to man: cotton candy. Sometimes called candy floss, it is spun from tiny holes in a spinning vessel that contains just a few grams of flavored and colored sugar syrup. Centripetal force flings the syrup to the outside of the vessel where a drop is forced out, pulling threads after it. A stick is used to gather the sticky thread as it forms. Take a close look at a cotton candy machine next time you go to an event where the stuff is made.

You can get some idea of the technology by gluing a CD to a small electric motor and simply dripping hot-melt glue onto the CD as it spins rapidly. As the drips are whirled around, they pull a tangle of threads from the glue gun.

It might be quite a big project, but you could have a go at making your own cotton candy machine. You will need a motor to rapidly rotate a shallow, lightweight container—for the molten sugar—inside a large collecting bowl. The container must have small holes through which the molten sugar strands can pull out. Whether you need to apply heat continuously is an interesting point. The oldest designs relied on a small flame above which the dish rotated.
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FUNDAMENTALS OF
THE PHYSICAL WORLD
UNCOVERED IN
ELEGANTLY SIMPLE
DEMONSTRATIONS


We shall have no need to transmit power at all. Ere many generations pass, our machinery will be driven by a power obtainable at any point of the universe. . . .

Nikola Tesla, speaking to the Institution of
Electrical Engineers in London, 1892







1. THE MOLECULE METER—I SPEAK YOUR MOLECULAR WEIGHT!



“Everything is composed of small particles of itself and they are flying around . . . never standing still or resting but spinning away and darting hither and thither and back again, all the time on the go. These diminutive gentlemen are called atoms. Do you follow me intelligently?”

“Yes.”

“They are as lively as twenty leprechauns doing a jig on the top of a tombstone.”

“Now take a sheep,” the Sergeant said. “What is a sheep only millions of little bits of sheepness whirling around and doing intricate convolutions inside the sheep? What else is it but that?”

“That would be bound to make the beast dizzy,” I observed, “especially if the whirling was going on inside the head as well.”

Flann O’ Brien (Brian O’ Nolan), The Third Policeman

In this experiment we will measure molecular weight with the aid of a counting circuit and an item that you may well be wearing on your wrist at this very moment; namely, a quartz crystal. The crystal that is inside almost every wristwatch or clock manufactured today is a piece of pure quartz, a form of silicon dioxide, typically cut into the shape of a tiny tuning fork, just 4 or 5 mm long, with tiny electrodes plated onto it. The crystal is normally enclosed in a small case of copper alloy, often plated with tin or some other bright, silvery finish, with two leads projecting from a glass-to-metal seal on the base. The two electrodes are electrically connected to the leads on the outside.
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When a voltage is applied to the electrodes, the crystal bends just a little. And conversely, when it bends a little, a voltage is produced on the electrodes: these complementary properties are referred to as the piezoelectric properties of quartz. The other thing that the quartz does is ring, like a bell, or precisely, like a tiny tuning fork. It makes a remarkably good tuning fork, in fact, for when pinged, it will resonate for many thousands of oscillations. Combine these two properties together by putting the quartz in an electronic feedback circuit and you have an oscillator. An oscillator, furthermore, which is almost perfect.

To make an electronic oscillator into a clock, all you need to add is a counter. A typical quartz crystal oscillates 32,768 times per second, so by counting 32,768 × 60 you get a minute, and so on. This is how most clocks work today.

The quartz oscillator at the heart of your wristwatch will typically run for a year with less than a few minutes error. This is a technical tour de force, representing an accuracy of better than 1 part in 100,000—quite a bit more accuracy than anything else that you buy for a few dollars. You can’t measure to less than 1 part in 1,000 with a foot-long ruler (300 mm), for example—and you would need laboratory equipment to measure mass to one part in 100,000.

But how, you are wondering, can a timepiece, however convenient and accurate, measure molecular weight? Well, it happens that the quartz, as it vibrates to and fro, will take some of the molecules of the gas in which it sits to and fro. The extra mass added to the quartz by the gas will cause the vibration frequency of the quartz to be changed by an amount almost precisely proportional to the density of the gas. So, measure the change in frequency of the quartz, and you’re also measuring the density of the gas.

But how, you are wondering, can a density sensor, however convenient and accurate, measure molecular weight? Well, it can, on account of the Kinetic Theory of Gases. The Kinetic Theory of Gases says that the number of molecules in 22.4 liters of gas at a standard temperature and pressure is always 6.023 × 1023. If those molecules are heavy ones, then the mass of those 22.4 liters of gas will be heavier than if they are light molecules. So, in effect, the density of a gas is proportional to its molecular weight. Measure the change in frequency of the quartz, and you’re also measuring the molecular weight of the gas.

What You Need


Quartz crystals, preferably the type packaged in a can about 3 mm in diameter × 8 mm long, with a operating frequency of 32.768 kHz

Transistors, etc. (See the circuit diagram on the following page.)

A frequency counter

Wires, connectors, etc.

Gases, such as:




Air (readily available on some planets)

Helium (from a balloon)

Carbon dioxide (from a Soda Stream cylinder, or make your own from acid and limestone)



What You Do

Your first task is to build an oscillator following the directions in the circuit diagram, and then to make sure that it works. If you have an oscilloscope, you can check out that oscillation is taking place and also the waveform. But it is probably sufficient to simply hook the oscillator up to the frequency counter and get a frequency reading. It should be 32,768 Hz, plus or minus a few hertz. If it doesn’t work at first, vary the supply voltage, winding it up slowly from zero, or blipping it on or off, or, in extremis, make sure that your fingers are clean and dry, and run a finger over the circuit. The latter technique, dubbed the “magic finger” by students working in my lab, will often start the most recalcitrant oscillator.

If all is well, you’ve now come to the tricky bit: making a hole in the case that holds the crystal, so that the different gases can diffuse in and reach the quartz. I have tried dissolving the case in concentrated nitric acid, drilling a tiny hole, and simply filing off the top. All of these methods work, but the best for most purposes is the latter, because it both leaves the hole end of the case open (so that you can see inside and check that the crystal is OK) and leaves the sides of the case intact to protect the crystal from damage. Once you have filed the top off the crystal, look inside with a high power lens and see if the tiny tuning fork inside is OK. Are both tines still there, not chipped, no swarf or other contaminating particles present?

[image: Image]

With the crystal successfully opened to gas, you can now hook it up to the oscillator circuit again and test. If it doesn’t work, try preparing another crystal. You should notice that the frequency has shifted slightly: this reading represents the frequency of the crystal measuring the density of air. The crystals are typically supplied with a vacuum around the quartz, so adding air adds mass to the tines and lowers the frequency slightly. Exchange the air for helium and the reading will go back closer to the original frequency. The sorts of changes to expect are listed below:
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WHY QUARTZ?

There are piezoelectric materials other than quartz, including some that show a much stronger effect. However, quartz is inexpensive (sand grains are typically quartz!). And quartz has—and this is critical—very little tendency to change with temperature. Its dielectric constant varies little with temperature, and it expands and contracts with temperature by the most miniscule amounts compared to almost all other materials.



How It Works: The Science behind the Molecule Meter

Why does the frequency of the quartz oscillations change with the gas density? Originally I thought that the device would only work if you drilled a minute hole to contain the gas in the tips of the quartz forks. To say that this would be tricky to do is an understatement—you would need a microscope equipped with a high power laser and specialized optics. In fact, however, you don’t need to do this. There is a boundary layer of gas molecules that lies so close to the quartz that they move to and fro with it, almost as if they were stuck to it. The closer they are to the surface, the more they move to and fro. And the farther away they are, the less they move to and fro. But the overall effect is just as if they were contained in a little cavity in the forks of the quartz.

The quartz tuning fork is an oscillator in which the springiness of the quartz tends to return the forks to their equilibrium position. The force due to that springiness acts on a mass—that of the forks themselves, but including the mass of the boundary layer of gas, as we have seen. In fact the frequency ([image: image]) of this kind of oscillator is proportional to the square root of the springiness (k) divided by the square root of the mass (m), or [image: image] ~ [image: Image](k/m). But for a small shift in mass, the shift in frequency is proportional to the molecular mass, or Δ[image: image] ~ Δm.

Now, the answers you get will vary a little with temperature and pressure. So for added accuracy, measure the pressure at which you take the measurement (with a barometer, if you are measuring at atmospheric pressure) and note the temperature. You can correct the density you measure to standard temperature and pressure by using the Ideal Gas Equation:

P V = n R [image: image],

where P is the pressure, V the volume, n the number of moles, R the gas constant, and [image: image] the absolute temperature. Density is mass/volume, and 1/V in the Gas Equation is given by nRT/P. So, for example, if you normally measure at temperature [image: image]a and in fact the temperature is [image: image]b, then you must multiply the measured Δ[image: image] by [image: image]b/ [image: image]a. If Ta is 273°K (the freezing point of water) and [image: image]b is 295°K (room temperature), then the measured density will be too low by a factor of [image: image]b/[image: image]a (1.08), so you must multiply by 1.08 to fix it. Pressure works the other way around: if the pressure (Pb) is higher in your measurement than your standard Pa, then you must multiply by Pa/Pb, reducing it to correct it to standard.

And Finally . . .

What happens if you channel a gas like air past the sensor while it is mounted in tubing? By datalogging the frequency every second you will be able to note any change in molecular weight. Introduce a slug of a different gas into the tubing and you will see the readout change to that of the new molecular weight. The graph below shows the sort of pattern you might observe. In this case, I put a slug of argon (welding gas) into tubing carrying air.

[image: Image]
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2. TALKING SPARKS—SEND MESSAGES AT 186 MILLION MILES PER HOUR: SEE HOW RADIO PIONEER MARCONI FIRST SENT RADIO A THOUSAND MILES



ST JOHNS NEWFOUNDLAND STOP SATURDAY 14 12 01 STOP SIGNALS ARE BEING RECEIVED STOP WEATHER MAKES CONTINUOUS TESTS VERY DIFFICULT STOP ONE BALLOON CARRIED AWAY YESTERDAY

Gulglielmo Marconi, Saturday, December 14th, 1901

With these words Guglielmo Marconi ushered in the age of global communication. From their base in the New World, Marconi and his assistant George Kemp had heard radio signals from the Old World, and they announced their epoch-making achievement with this telegram. Note that they didn’t announce the discovery by radio. Radio was still far too primitive for that. They could only receive radio signals by raising a wire to an immense height with the aid of a balloon, or, if the wind was high, as it often was on the storm-tossed coast of Newfoundland, by kite. They had, at that point, only heard the feeble letter “S” in Morse (dot-dot-dot) a few times over the course of the previous couple of days. So they sent their announcement—which was splashed all over the Sunday newspapers that week—by telegraph, through a wire planted thousands of miles underneath the waves of the Atlantic. Marconi and his team had proved, however, that it was no longer necessary to tie communication down to wires. Wireless technology—as it was then called—was born. Suddenly, you really could talk to the whole world, not just to those parts of it that lay at the ends of cables.

Marconi was a scientist, engineer, and entrepreneur, but he was not the discoverer of radio. Rather, he took the ideas of pure scientists like John Ambrose Fleming, Edouard Branly, and Heinrich Hertz; and, with the help of other far-sighted people like British Post Office technologist William Preece, he began a revolution in world communications. He turned a Victorian laboratory curiosity into practical technology with ramifications that we are still exploring today.

Here we will take an assortment of stuff you might find lying around your house and demonstrate the essentials of Marconi’s transatlantic pièce de resistance.

What You Need

Four alligator clip leads

A piezoelectric BBQgas lighter (ideally the multi-spark kind)

Wooden or bamboo rods

A plastic tube

Metal plugs (nails or bolts)

Choc-bloc screw connections

A bright or ultra-bright LED

A 50 ohm resistor

Two AA batteries and a battery holder

Wires

Tape

An electronic multimeter (ideally with a beeper)

Optional

Two long wires

Two grounding stakes

Aluminum tubes

What You Do

A coherer is a small tube containing metal filings between two contacts. It can be made from a short piece of clear plastic tubing capped with two small machine screws (bolts) or sawn-off nails that fit tightly into the tubing. The coherer should be just a little over half full of iron or steel filings. You can simply file a small piece of iron or steel and collect the filings, taking care to exclude contaminants such as paint, grease, etc. Put a metal plug—a bolt or a nail—on one end of the coherer tube, gather up the filings in a piece of creased paper, and tap them gently down into the tubing. Screw or force in the remaining machine nail or bolt so that the gap between the two caps is just a few millimeters. Now clip on the two alligator leads, and tape them along the wood rod, as shown.

The transmitter is formed by taking alligator clips to the tip of the igniter. One alligator lead goes on the internal tip—this one may need some extra insulation. The other lead goes on the metal outside tip to which the spark normally goes from the internal tip. The two leads are then taped out along the wood rods as shown to form the antenna elements, with the other piece of wood supporting the body of the igniter. By far the best sort of igniter is the kind that makes multiple clicks as you press and release its operating lever. An alternative to the wood and alligator leads is to use aluminum tubes as the antenna elements.

[image: Image]

The idea here is to end up with a matched pair of receiver and transmitter, the receiver having at its heart the coherer and the transmitter the BBQ spark gas lighter. So, make certain that the transmitter and receiver leads are all of about the same size. If they are of similar length and layout, the leads will act to some extent as tuning elements, improving transmission slightly and reducing the likelihood of spurious response.

The spark will now pass from the center rod to the outside tip as before, but with a smaller gap, as the alligator clip will reduce it. Your goal to get the transmitter to produce sparks that are rather small in size, so don’t make the spark gap too big. The smaller the gap, the smaller the sparks, and a shower of smaller sparks seems to transmit rather better than just one or two big ones.

Now connect up the multimeter across the coherer. Your multimeter should be set to its 0–1000 ohm scale, or, even better, set to beep on its short-circuit sensing setting. (All but the smallest electronic multimeters have a beeper of this kind.) You should find that just prior to when a spark is transmitted the resistance indicated is many thousands of ohms, but that reading goes down to a hundred ohms or less after a spark.

Now test your radio system. Click the igniter, ensuring that many small sparks are produced. With luck, the multimeter beeper will come on, indicating that a radio wave was received. Just tap the coherer gently and it will return to its usual thousands of ohms.

An alternative to the multimeter is to use an LED driven by two AA batteries via a 50 ohm resistor connected across the coherer, so that when the coherer is conducting it switches the LED on. You can carry out much the same experiments as with the multimeter, but using the brightness of the lamp to gauge the decrease in resistance of the coherer.

How consistent and repeatable is this system? Does it always respond to a spark? Does it always go down to a similar resistance after a transmit spark? What is the effect of multiple sparks—do you get an even lower ON resistance? Try spacing the transmitter and receiver apart by increasing distances. You should find that you can transmit over at least a few meters, and perhaps over as much as 20 m (65 feet).

Troubleshooting


No sparks: Check that you have not inadvertently short-circuited the alligator clip leads.

Sparks but the LED doesn’t light up, or the multimeter doesn’t beep: take a short piece of wire with both ends bared, and check that the LED lights up or the beeper goes off when you temporarily short circuit the two ends of the coherer.



Things to Try

If you have a single-spark piezoelectric igniter, why not try that? It probably won’t work quite as well, but it does offer the opportunity to see how the coherer builds up its increasing current conduction. Set the receiver up and then distance it from the transmitter until the latter only just works, then close the distance a little and see how the resistance changes from pulse to pulse, only tapping the coherer to reset it after the resistance is down to 50 ohms or less.

You could try making the coherer self-tapping. I did this in the simplest possible way, by rigging up a small low-power motor-gearbox unit with a flapper attached to its output shaft so that it would tap the coherer tube a couple of times per second. You should put a small suppressor capacitor across the motor terminals—10 nF or 100 nF in value—which will help stop tiny sparks from the motor commutator causing trouble. Historically, the coherer often operated a sensitive electromagnetic relay amplifier, whose output was used both to operate a small buzzer, and to operate a solenoid that tapped the coherer. A simpler alternative might be to continuously rotate the coherer.

To get greater range, try connecting the transmitter and/or receiver between a ground connection and a long wire antenna. Alternatively, to keep the system more portable, you could use long pieces of aluminum tubing for the antenna elements instead of alligator leads and wood rods, as shown in the diagram. Or you could copy Marconi’s coherer design, in which the faces of the electrodes slope, so that the filings rest in a wedge-shaped gap.

Does the system work better with the transmitter or receiver in front of a wall (which might act as a reflector)? If this wall is of metal (like a fence or the metal siding of a factory), does that give better reflection? Is it better to have the transmitter and receiver antennas horizontal or vertical? What happens when the transmitter is horizontal and the receiver is vertical, or vice versa?

How It Works: The Science behind the Talking Sparks

The resistance of the coherer depends upon the change of resistance of the metal filings caused when high-frequency electric and magnetic fields are momentarily applied to them. The coherer is thought to work when current flowing briefly through it causes minute sparks, which in turn create the weakest imaginable mechanical links—tiny welds, between the metal particles. Such minute welds are enough to produce an electrical resistance below 100 ohms, low enough to show up nicely on our multimeter, or, historically, to operate a relay amplifier.

This cannot, however, be the whole story. If the tiny voltage from an antenna—probably millivolts or microvolts—is enough to cause microwelding, then why don’t the 3 V from our battery cause the same effect on an even larger scale and swamp any effect from the antenna voltage? The answer lies in the fundamental difference between battery and antenna voltage: the former is DC, the latter AC. AC currents are high frequency and can flow more effectively through the coherer in its high resistance state than can DC currents. If effective resistance to AC is only an ohm or two, then even a millivolt will cause a milliamp to flow, while if the AC resistance is milliohms, then even larger radio frequency currents can flow. The resistance of a solid 1 mm cube of iron or nickel is only a tenth of a milliohm.

Why should the AC effective resistance be much lower than the DC resistance? This is in fact the expected result, because the filings touch at many small points. These points are, however, very small in cross-section, and they don’t conduct much DC electric current. But with AC it is not just the points of contacts that count, it is also all the many places—many of them around the points of actual contact—where the filings very nearly contact. These places act as capacitors linking the conductive filings together and ensuring that a large current will flow at a sufficiently high frequency.

Consider a capacitor comprised of two conducting plates separated by a narrow gap. The capacitance value of a capacitor is proportional to its area, and inversely proportional to the gap between the plates on either side. With the contact areas and near-contact areas between the filings, the gap can be as small as an atom or two, giving a very large value of capacitance. Since the effective AC resistance is proportional to 1/([image: image] C), the reciprocal of the capacitance and frequency, these large values of capacitance ensure a low resistance and enable a high AC current to flow. The capacitance effect grows with frequency, since the effective resistance is proportional to the reciprocal of frequency.

Now let’s move on to the transmitter. It relies on generating a very high electric field—thousands of volts across an air gap of just a few millimeters—causing the air molecules in the gap to be torn apart into ions and electrons. The electrons can move in the electric field, conducting a momentary but large current as they move and also creating the light we see as a spark when they recombine with ions and as excited atomic states decay down to their ground states.

The high voltage needed to make the spark is generated by a gas igniter, whose action depends upon piezoelectricity. The piezoelectric effect was one of many scientific marvels discovered by Pierre Curie, whose wife Marie was of course the more famous of the two scientists. When you put voltage on certain crystals—quartz is the most commonly used—they shrink or expand by a tiny amount. And, conversely, if you squeeze these same materials, they produce a small electric charge. The gas igniter device produces a small but high voltage charge and a tiny spark each time its little hammer strikes the piezoelectric crystal. (By the way, although the voltage is high, the charge is so small that the igniter will produce only a mild shock if you touch it with your fingers.)


THE MATH BEHIND RADIO WAVES

The spark produced by the lighter is sufficient to set currents oscillating up and down the wires you connected to it. This oscillating current then sends an electromagnetic wave—a radio wave—out into space.

A simple flat-fronted wave has the equation:

E = Eo sin(x + c t),

where E is the electric field, Eo is a constant, x is distance or position, t time, and c the speed of the wave. The sine wave shows how the electric voltage goes up and down with time, if you look at one particular place, by keeping x constant. And if you keep t constant it also shows how the electric field varies from place to place at any one time. Radio waves travel at the same speed as light—they are in fact simply light waves of a very low frequency—so the speed (c) is equal to 3 × 108 meters per second—186,000 miles per second or 670 million miles per hour.

Actually, the radio waves we produce here spread out in space, just like ripples spreading on a pond. And just like spreading ripples, they decrease in amplitude as you go to larger distances. The water ripples decrease in size with distance—basically because the energy of the ripples is spread out over a longer and longer ripple perimeter. In the case of radio waves, they spread out sideways and also up and down over the surface of a sphere, and this means that their energy follows an inverse square law with distance R, decreasing as 1/R2.



And Finally . . .

Why not experiment with the filings of other metals? Nickel would be an obvious choice, as it is rather similar to iron but less subject to corrosion and, therefore, might be more stable. Historical references suggest that almost any metal, even carbon granules, work if they are suitably sized and suitably prepared. Marconi used nickel mixed with silver. Fleming suggests using noble (non-oxidizable) metals like silver or gold for greater sensitivity, while pointing out that magnetic metals like nickel, iron, or cobalt work better than non-magnetic ones in general. With a different metal, you might find that you can draw more current from the coherer, or that it is more sensitive. On the other hand, you might discover an anti-coherer. Experimentalists have reported that some metals, like lead, can be prepared with an oxide film that renders them capable of increasing their resistance considerably after the arrival of a wave from a spark generator. Finally, historical coherer tubes were often made of glass and sealed off with a permanent vacuum inside. If you have access to some kind of vacuum pump you could try this.

[image: Image]

The coherer should not be allowed to conduct more than a few milliamps. If used at too high a current, it will eventually weld together and fail to function. But if you can find a small, sensitive reed relay, then you could amplify its output enough to operate conventional electric devices like buzzers, lamps, or even motors. Exquisitely sensitive relays of this sort were highly developed by the end of the nineteenth century, and were commonly used by radio pioneers. These days, of course, we don’t need a delicate and hard-to-find device like a reed relay. We can use a transistor to boost input from the coherer of, say, 100 microamps or less, and amplify this, perhaps using a single-transistor amplifier, a Darlington pair, or some other two-stage transistor amplifier. The circuit diagram shows the sort of circuit you might construct. The relay can be any ordinary relay, the output contacts of which can be operated on almost anything. Perhaps you could control an electric vehicle with sparks, for example.

Spark transmitters emit radio waves over a wide frequency band, ranging from audio frequencies up to 100 MHz, while coherers are sensitive to radio waves over just as wide a band. Marconi and the early radio vanguard swiftly learned that their broadband transmissions would interfere with each other, and that there was a lot be gained by tuning their transmitters and receivers. Tuning involves fitting filters that allow only a narrow band to be emitted by a transmitter, and allow only that same narrow band to be passed from the antenna into the receiver.

Why not try to devise a tuning system? You might, for example, connect a capacitor-inductor tuned circuit resonating at a suitable radio frequency across the spark and coherer. The circuit diagram shows how to link these up. The inductor (L) goes from the antenna to the ground, while the capacitors (C) go from the top of the inductor to the transmitter (Tx) or receiver (Rx) circuit and across the inductor. The resonant frequency is obtained by multiplying the inductance by the capacitance. For example, a 1 µH (microHenry) inductance, combined with a 1 nF (nanoFarad) capacitor will yield a resonant frequency of ~5 MHz. In the circuit shown, the two capacitor values should be added together to calculate the resonant frequency using the reciprocal addition 1/Ctot = 1/C1 + 1/C2, so if they are both of the same value C, the effective value will be C/2.
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3. LIGHT AND LENS PIPES—THE STRONG FOCUSING PRINCIPLE USED IN THE MICROSCOPES OF FUNDAMENTAL PARTICLE PHYSICS



There is no sound, no echo of sound, in the deserts of the deep,

Or the great grey plains of ooze where the shell-burred cables creep.

Here in the womb of the world—here on the tie-ribs of earth

Words, and the words of men, flicker and flutter and beat—

Warning, sorrow, and gain, salutation and mirth—

For a Power troubles the Still that has neither voice nor feet.

Rudyard Kipling, The Deep-Sea Cables

When something is perfectly transparent, you sometimes hear it described as water clear. But it is a curious fact that clear water is not in fact very clear. Anyone who has done any diving in the sea will tell you that the farthest you can expect to see is a distance of a few tens of meters, even in good conditions. Maybe as clear as glass, would be a more accurate expression? But go to a glassworks or window distributor and try looking through a stack of ordinary window glass a meter or two thick. It usually looks green, not clear at all. This is not a fair test, actually, because light is reflected at the boundaries between the sheets. But try looking through the edge of a thick sheet and again, it is greenish and not at all perfectly clear.

It is possible, however, to make a form of glass with a degree of clarity so spectacular that you can see through a thickness of tens of kilometers, maybe even a 100 kilometers—60 miles. That is obviously a technical wow. But of what use is it? Well, as it turns out, it’s pretty darned useful. Without this special silica glass, the Internet would not work. Almost all communication today goes via fiber-optic cables. Pulses of laser light carry our conversations, our Internet searches, even our orders for a pizza. They speed along under the ground and under the sea through fiber optics, hair-like rods of glass up to a hundred kilometers long.

Before the invention of laser fiber-optic communication, there was a myriad of other ways to get your message from point A to point B—from Morse code on telegraph wires to short-wave radio. But none were quite satisfactory. Next, microwave, infrared, and optical links that passed through the air were developed, and although they were a huge improvement—we still use them today—they had a fundamental defect as well. Stormy weather, heavy rain, or snow could disrupt communication. One way to avoid this was to sheathe them in a tube of some kind. But there was a problem in that the beam would soon collide with the side of the tube, so you had to use straight—very straight—tubes. And that was impossible on all but the shortest haul links. There had to be a way to bend the waves carrying communications, at least around gentle curves.

One way to bend waves around curves is to use fiber optics. Another way is to use lenses—lots of them . . .

What You Need

10 or 20 lenses, about 25 mm (1") in diameter, with an 80 mm (3") focal length

5 or 10 lenses, about 80 mm (3") in diameter, with a 200 mm (8") focal length

Wooden bases for the lenses

A laser; e.g., a bubble level with a laser diode

A plastic curtain track (see text)

Sundry kinds of glue, wooden blocks, etc.

A wooden board (or other surface to which you can temporarily attach things)

What You Do

First, check out the basics of guiding light with lenses. Mount a bunch of larger lenses on bases, making sure that they are all the same height. Then mount your laser horizontally at the same height as the center of the lenses. Now switch the laser on and steer it through a row of lenses. Try moving the lenses to one side or the other. Measure the focal length of the lenses by focusing a distant bright object onto a screen. Try putting them closer or further apart than their focal length. Then try putting them along a slight curve. What does the beam do?

[image: Image]

You should be able to observe that the light tends to follow a line down the middle of the lenses. If errors in the placement of your lenses are not too great, then the beam will wriggle through weaving a little from side to side.

Now, make a truly flexible light guide. Put the lenses on a bendable curtain track. As it bends, it will carry the lenses with it, aligning them to keep the light beam on course. First you’ll need to check that it is possible to bend the curtain track smoothly into a circle with a diameter of, say, 1 meter. Measure the approximate focal length of the lenses you have. Then cut slots in the curtain track spaced apart by roughly that focal length.

The lenses don’t need to be of especially high quality. I used a handful of the simple lenses that are designed to allow children to view bugs. They were small, 25 mm (1") in diameter, and made of plastic with a flat matt border around the actual lens surface. Their small size and light weight made them easier to glue onto the track. The border around the lens was also a convenient anchor for glueing them onto the curtain rail. Once the lenses are attached, glue or screw the curtain track to two wooden bases, as shown, so that it sits upright and can be easily adjusted in different curves. Then fix one end onto the wood board in front of the laser, and switch the laser on. With luck you will find that the laser will travel down the axis (more or less) of all the lenses, perhaps jigging from side to side as it goes. Now for the pièce de resistance. Gently bend the free end of the curtain track around, perhaps adjusting the laser slightly. You should find that you can bend the laser beam around in a curve, perhaps to 45 or even 90 degrees, a quarter of a circle.

How It Works: The Science behind Bending Light Beams

A lens is really a sort of circularly symmetric prism. A positive lens, the type that is thicker in the middle, can deflect light going through it by a small angle towards the central axis, and the angle by which the light is deflected is proportional to the distance of the beam of light from the lens center. Light entering at the center is not deflected at all, light entering near the rim might be deflected by, say, 10 degrees, while light half-way between center and rim will deflect by 5 degrees.

Now, consider a beam of laser light entering our set of lenses while they are all positioned along a line. If that beam is above the axis a little, it will be deflected down towards the axis. Depending upon the starting position of the beam and how much deflection takes place (on the power of the lens, in other words), the deflection may simply put the beam closer to the axis, or it may cause it to overshoot and come across to the opposite side, beneath the axis. If it is still away from the axis, then further deflection will take place towards the axis, while if it has overshot, then the deflection will be back towards the axis from underneath. Work through this—or perhaps set up a computer simulation like that given below—and you will soon see how the laser beam can travel down the set of lenses, sometimes jigging from side to side.

The same principles apply to the deflection of the beam when you bend the rail on which the lenses sit. Each successive lens now lies at an increasing distance away from the starting axis of the laser beam. But as the beam tries to go straight on and fly off the track it finds itself near the rim of the lenses and is strongly deflected back towards the axis. And the more the track is bent, the stronger this effect becomes. Just as in the case of the straight line of lenses, the laser beam will tend to proceed down the axis of the lenses, again perhaps jigging from side to side a little.


Hazard Warning

Laser light—even laser light from a low-power laser diode—is dangerous to your eyes. Never look directly at a laser-light beam or at a strong reflection of one: instead, always look at the spot it forms on a matt surface. If you want to find where the beam is, use a piece of white paper.




STRONG FOCUSING

Strong focusing is the principle used to confine the beams of subnuclear particles inside the accelerators used in fundamental particle research. I once worked at the DESY (Deutsche Elektron Synchrotron) in Hamburg, Germany. We were hunting for subatomic particles like the b-quark and the gluon by looking at the showers of particles produced when a high-speed beam of electrons collides with high-speed positrons at an energy of 40 GeV (giga electron-volts). The electrons and positrons were confined in the middle of a vacuum beam tube that ran for 6 kilometers (4 miles) down the middle of the accelerator, using lenses and the strong focusing principle. The lenses in this leviathan were not made of glass, however, but of magnetic fields. Strong focusing ensured that the beams stayed in the middle of the small beam tube, which was just a few centimeters across.



You may wonder whether you could use much weaker lenses to deflect the beam back on course. The answer is that you could, and to some extent, at least for gentle curves in the track, the light guide would still work. However, you would find that with a set of weaker lenses the deflection of the beam from the axis of the lenses would typically be much larger. By using stronger lenses capable of what is called “strong focusing,” although some jigging from side to side still occurs, the maximum distance from the axis is minimized, and you can use smaller lenses to steer the beam.

Simulating the Lens Pipe

A computer model—simulation—of strong focusing using a spreadsheet can shed light on what is going on with all these lenses. Some of the model’s output is shown in the graph. There are lenses every 500 mm. In the first curve, the distance from the axis is shown for a laser beam going straight down a set of lenses, but starting from a position 5 mm off axis. You can see that the beam is deflected to almost the center of the second lens, then continues on to the third lens where it is sharply deflected back towards axis again. In this way, jigging from side to side, the beam goes down the simulated light guide.
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Now, you might object that there is no point in using lenses, as the light beam would simply go down the middle if you used just plain sheets of glass. That is true, but errors in position would build up, and the light beam would not go around any kind of curve. In the second graph, we show the effect of applying a bend to the set of lenses with no optical power at all—just plain sheets of glass: the light beam goes increasingly off axis, until after 3 m it is 180 mm off axis. The curve is modeled in the computer program by a square law, hence the parabolic shape of the graph.

[image: Image]

The third graph shows the very different result with 2.1 dioptre lenses instead of the zero-power used lenses above: see the third graph. Although the light beam snakes around more than it did when the beam was straight, we now see it staying less than 12 mm from the axis at all times.

[image: Image]

A Long-Range Light Pipe

For the sake of conveniece, we have suggested that you construct a short-range light pipe. In addition to being easier to manage, it also has the advantage that is can go around a sharp bend. But there is no reason why you could not make a long-distance light pipe. Using lower-power lenses and gentle curves, the whole concept could be scaled up. The spreadsheet demonstrates the use of 2 dioptre lenses, which is the kind of lens-power that reading glasses have. You could buy ten pairs of reading glasses from a dollar store and use them for this project. The track might be more of a problem. You could use plastic tubing, with roughly a 75 or 100 mm (3 or 4 inch) diameter, some of which is available in lengths of at least 3 m, and maybe longer. You could even try to make a real communication-link light pipe by putting the lenses inside the pipe and communications down the laser beam as discussed below.

And Finally . . .

What about invisible light? Glass lenses should work on infrared light too. Standard (soda) glass is transparent from visible wavelengths (400–700 nm) right down to 2000 nm. Common infrared emitting diodes (IREDs) are made from gallium arsenide and have an emitting wavelength of 900 nm to 950 nm. This kind of light is invisible to the human eye, but readily visible to the silicon photodiode.*


LASER RADIO

It isn’t too difficult to demonstrate a laser-based communication link using two radios, or a radio and an audio amplifier. The diagram shows the basic idea. Wire up a resistor—try 22 ohms to start with—in series with the batteries to a laser; for example, a laser-level gauge. Then connect the ends of this resistor to the earphone socket of a transmitting radio. It’s a bit trickier on the other end. If you have an audio amplifier, then just hook up a very small solar cell to the amplifier input via a 0.5 µF capacitor, and of course connect a loudspeaker to the amplifier output. If you don’t have an audio amp but do have a radio, you will need to find the audio input circuit on the radio. With batteries inside the radio, but the 110/220 V power cord (if any) disconnected, take the back off the radio and tune it somewhere between channels. Now poke around with a wire connected to a low-power audio frequency oscillator, until you find a point on the circuit that results in an output. (You can probably use the 50/60 Hz pickup from your finger on a screwdriver as the audio signal, by the way.) Once you have found that point, you need to hook up a solar cell to it via a capacitor. (Ideally, you should disconnect the radio part of the circuit by cutting one of the printed circuit tracks in the right place.)

[image: Image]



You could use an IRED emitter and silicon photodiode or solar cell to set up an infrared link, like the laser radio. A good choice for the photodiode might be a black photodiode. These have a filter that looks black and lets through only IR light beyond 800 nm, so you won’t get ordinary light causing interference with the IR signal coming along the invisible beam.

This lens guide will be much more of a challenge than its visible equivalent. Not being able to see the beam makes everything that much more tricky. A second difficulty is that the IRED will have quite a broad beam. You could try using a visible LED beam of a similar width, but the refractive index of the glass varies quite a bit with the frequency of the light beam, and the infrared won’t go precisely where the visible beam goes.

Don’t be tempted, by the way, to use an IR laser for the transmitter. These are common enough—CD players use them, for example—but they can be high-powered enough to cause eye damage, and of course you won’t know if the invisible beam they produce is damaging your eye.

References


Chappell, Alan, Optoelectronics: Theory and Practice. Texas Instruments (Bedford UK), 1976.

Hecht, Jeff, City of Light. Oxford University Press, 1999.

Solymar, Laszlo, Getting the Message: A History of Communications. Oxford University Press, 1999.



* Commercial cameras often use silicon detectors that will pick up infrared. Some of them have a filter to remove infrared light. But others will readily see IREDs at 900 nm. Try pointing an infrared remote control at a camera and see if the IRED appears on the camera screen. Wh at color does it register?



4. FIRE FROM WATER—THE POWER OF CONCENTRATION



Brighter than a thousand suns.

From the Bhagavad Gita. Used by Robert Jungk as the title
of his book on the development of the nuclear bomb.

Burning glasses—lens specifically designed to concentrate the sun—have a long history. In “Sunbeam Exploders” (“Simple but Subtle”), we saw that they played an important role of early chemistry, giving access to clean, pure heat power. Burning glasses have been made using a liquid filling: the 10 foot lens developed in prerevolutionary France was glass, but it was hollow and filled with alcohol. Lenses with a liquid surface have not yet been used for any practical purpose, as far as I know, but liquid-surface mirrors have. Large turntables with a shallow trough of mercury have been rotated to form mirrors. As it happens, the rotation of a liquid gives a surface whose parabolic surface is of the correct form for perfectly focusing incoming parallel light. Higher rotation speeds give shorter focal lengths. The technique works so well, in fact, that astronomical telescope mirrors have been made this way.

Liquid lenses with liquid confined between two conventional optical surfaces are a hot research topic in physics. Lenses whose curvature can be modified can be based on pumping ordinary liquids between flexible sheets or, similarly, two immiscible liquids can be made to form a meniscus (try putting tiny drops of clear machine oil on the surface of water and you get an idea of this). Ingeniously, by applying a voltage, the immiscible liquid meniscus lens can be varied in its curvature, a phenomenon known as electrowetting. By this method it is possible to produce lenses that are very small but variable in focus, exactly the specifications needed by mobile phone cameras. Spectacle lenses using liquid filling have also received a lot of attention. A large-scale charity is being established to offer such lenses to the needy in poverty-stricken areas of the world.

The other inspiration for this project is the camera obscura. This is not a camera as we know it, which can directly make an image on a piece of paper. It is rather a primitive system whereby an image—typically the image of an outdoor scene—is projected onto a matt reflecting surface or a ground-glass screen. The technique dates far back in history, since before the time of Leonardo da Vinci, and the camera obscura was once a quite common gadget, used by artists to guide them in painting realistic images. The book Vermeer’s Camera describes how the seventeenth-century Dutch master Johannes Vermeer used projection. A few installations have survived to the present day in large towns and cities around the world, often set up in the historic district. They are usually arranged to reflect an outdoor scene from a mirror at the top of a tower through a lens that focused the image onto a tabletop at the base of the tower. The result is something that looks a bit like the periscope of a submarine projecting onto a horizontal cinema screen, except that it shows real life. People seeing a camera obscura for the first time often suppose that the image is coming from a slide in a projector. They are then surprised when something in the scene moves! I had thought several times about making a lens out of a membrane filled with water, but that method could only produce a horizontal lens, and a horizontal lens didn’t seem like something that would be much use to man nor beast. But then I noticed that a tower-mounted camera obscura involves the use of a mirror that directs light to be focused by a horizontal lens. Bingo! The Fire from Water concept was born.

What You Need


Cling wrap, 300 mm (12") or wider

A ring or hoop—e.g., the rim of the wheel from a child’s bike (about 300 mm or 12" in diameter) or a cake pan with a removable bottom (about 200 mm or 8" in diameter)

Tape, duct tape

Clamp-stands

A table

A mirror, at least 300 × 600 mm (12" × 24")

Concrete

 

For the Camera Obscura Liquida

Dark cloth

Thick bamboo canes

A white sheet or board

A small table



What You Do

Choose a calm day and set up the equipment outside, roughly as shown in the drawing. Furniture, suitably modified with duct tape and the like can be pressed into service. The cling-wrap film must be drum-tight and leak-tight. This can be achieved simply by stretching it underneath a rubber band before taping it. Alternatively, the film can be glued as tightly as possible onto the ring surface, and the tape used simply to provide additional security. You might also use a fairly gentle heat source, such as a hair dryer, to shrink the film so that it starts off perfectly tight and flat.

Now clamp the ring horizontally and add water to a depth of at least 6 mm (¼") or so. The film will now sag downwards, forcing the water to adopt a lens shape, deep in the middle and thinning out to nothing at the edge.

Look through the ring from above, while holding your hand or another object beneath it. You should see a magnified image. The image should be of fairly good quality, with little distortion, except perhaps at the very edge of the lens. Blow gently onto the surface of the lens and note the momentary distortions caused by the ripples of waves.
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Now position the mirror so that it beams sunlight approximately vertically through the lens, trying to fill the whole of the lens with light. Then look for the focus: I found it easiest to do this with the aid of a sheet of thin white cardboard and a pair of very dark sunglasses (gas welding goggles, if you have them, are useful). Provided the cardboard is only momentarily at the focus, it should not char. If it does begin to darken or char, discard it and find a new piece: a slightly charred piece will heat up and burst into flames much more quickly than pure new white paper or cardboard. Alternatively, use a thin ceramic tile.

In any case, you will need to position a piece of definitely nonflammable heatproof material at the focus point. Concrete is probably a good choice. You can adjust the focal length of the lens, within limits, by adding or removing water. Either by doing this, or by raising the target up on blocks, arrange the concrete at the focus point, and test out a small piece of newspaper or the like on the block. You will find that newspaper heats up much more rapidly than white cardboard, because the black and colored areas absorb more light, and the paper itself is darker in color. It should char within seconds and then burst into flame.

Test the flammability of different combustible materials in the beam. What materials can be melted using this system? Solar furnaces have been constructed that are capable of heating substantial objects to white heat. The famous solar furnace of Odeillo in France can reach temperatures of up to 3500°C (6400°F), easily hot enough to melt metals like steel.

Try different depths of water on the cling-wrap film. With more water, you’ll get a shorter focal length, but you may also get a better-shaped surface (see below).


Hazard Warning1

The concentrated beam of light is awesomely bright, so beware its effect on your eyes. Either look only briefly at the focus, or wear very dark glasses.

Don’t go away, leaving the liquid lens set up with anything flammable at the focus. If you saunter off momentarily while the sun goes behind a cloud and then the sun beams out again, anything at the focus point could burst into flame behind your back. And beware leaving it set up all day: the focus point might creep off the fireproof concrete you put in place at 10 AM and set fire to the chair legs at 2 PM. If you try newspaper underneath, be careful. You may be surprised by how quickly it catches fire and flares up. The size and power of the water lens causes the newspaper to get much hotter over a wider area than it would under a normal-sized lens, with the result that it quickly bursts into flame.



Can you make a larger lens? You could try using a full-size bike wheel rim, for example. But a single width of cling-wrap would not cover this diameter. You can join two pieces together to increase the width, but what happens at the join between two pieces of film? Would the film form a good spherical shape across the join? Of course, if you could find clear film of large enough (500 mm) width, then this problem would be avoided. But would the wider film be strong enough when stretched over the wider frame?

Camera Obscura Liquida

A camera obscura, as we noted earlier, works well with a horizontal projection lens. And a very large lens will produce a very bright image. So why not have a try at making a camera obscura? You will need a suitable dark volume to sit in, a white table to project on to, and a clear view to a small patch of sky directly overhead. Then you will need to position your mirror and liquid lens in an aperture high above the table. You might construct something out of sheeting and heavy-gauge bamboo poles. Or perhaps you have a handy wigwam or some other kind of tall tent that you could adapt to suit the purpose.

How It Works: The Science behind Fire from Water

The cling-wrap film in the water lens should form a spherical surface, because it has approximately the same pressure all over it due to the water, and this should be reflected in a curvature that is the same all over the surface, assuming that a constant tension is maintained in the membrane. The curvature should be such that the radius is given by the same simple formula that governs bubbles:

P = 2 T/R,

where P is the pressure, [image: image] the surface tension, and R the radius of curvature.

In fact, the surface of the film will not quite form part of a sphere, because the depth of water—and hence the pressure—on the film is not uniform. The pressure in the water is simply given by the density multiplied by the depth and gravity, or P = ρ d g. At the edges, where the water is shallow, the pressure decreases, so, as we might expect, the curvature is reduced.

A perfect spherical surface lens will not form a perfect optical image: spherical aberration is the name given to the imperfection. The optical requirement for a lens that focuses perfectly is that it should assume a form that is less curved at the edges, such as a parabolic form, rather than a sphere. The parabolic form does indeed have less curvature at the edges than a section of a sphere, so without any detailed calculations* we might suspect that by choosing the correct water depth we might be able to achieve some correction of the spherical aberrations of the lens.

As with the Sunbeam Exploder, we have a concentration of the sunlight that is inversely proportional to the square of the [image: image]-number. (Recall that [image: image]-number = focal length/diameter.) But here the actual amount of power is significant as well as the concentration. Our lens is of rather poor quality, so it won’t be doing as good a job of focusing as its [image: image]-number would imply. With an [image: image]-number of 2, following the analysis we outlined in “Sunbeam Exploders” (“Simple but Subtle”), we should get an image diameter of 6 mm (1/4"). But with an imperfect lens, 12 mm (1/2") may be the best we can achieve.

With a 300 mm bike wheel lens, we should capture 35 W if the sun is giving out 500 W m-2. If we have concentrated that power down to 1 cm2, then we have a power of 35 W cm-2, or 350 kWm-2, which certainly sounds like enough to get a pretty good fire going.

And Finally . . .

You could make your liquid lens solid and permanent by pouring clear acrylic potting resin instead of water onto the film. However, you would need to ensure that the resin was absolutely free of bubbles, and you would also need to protect the surface from dust during setting.

Another place you can make a liquid lens is at the interface between air and a large body of water. Using this principle, you can look into the depths of a pond or shallow lake, or even (on a calm day) into the sea. Fishermen looking for shellfish in shallow water occasionally use a garbage can with the bottom cut out and replaced with a piece of Plexiglas. A few years back, I was on the coast of Sicily, just south of Syracuse, and I noticed a few fishermen doing this. I snorkeled around trying to find out what they were looking for but couldn’t find anything except very small fish and the odd small lobster hiding under a rock ledge.

The neat thing about the garbage can method is that you not only avoid the problem of seeing through the disturbed surface of the water, but you also slightly magnify the plants and creatures on the bottom of, say, a shallow pond. We can do better than that, though. With a little ingenuity we can get high magnification. Start by stretching a piece of cling film across a cake ring or the like, just as before, but instead of adding water to it, place it on the surface of the water and push down. If you are able to keep the ring horizontal as you press down, the film will form an approximately spherical surface and allow a considerably magnified vision of the bottom of the pond.

And how’s this for another bright idea from Syracuse: using a purely reflective equivalent of the lens to make a burning mirror? Archimedes used this method against the Roman war-galleys attacking ancient Syracuse. As the (apocryphal) story goes, he got a platoon of Syracusan soldiers to reflect sun from their flat bronze shields, which promptly set fire to the unfortunate Romans’ ships. You could reproduce Archimedes system: try an array of small flat mirrors, all cunningly set at slightly different angles so that all of them aim at an inflated balloon. The power-multiplying factor will simply be equal to the number of the mirrors.

A better way to go might be a curved, and hence focusing, reflector, which would have the same energy-density-multiplying effect as a lens. The snag with any focused reflector system is that the thing your reflector is focused on tends to block out incoming light. In a Newtonian reflector telescope, this obstacle is overcome by positioning an additional small, flat mirror to deflect the focused light off to the side. This might be possible, although it clearly has the disadvantage that you need two mirrors to do what one lens could do.

But maybe there is a better way. Maybe the main mirror could be made out of flexible plastic pulled into shape by pressure, just as in a liquid lens. You will need to find mirror-finish Mylar—something like the stuff that helium balloons are made of might work. There are experimental designs for inflatable mirrors for use on spacecraft. One such is the NASA inflatable antenna, which has one side made of clear material and the other mirror-plated.
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* A typical aspheric lens formula gives the displacement from flatness (Z) in terms that have powers of the radius. After a term giving the best fit sphere, there are further corrective terms that alter the edges of the lens to improve the focus beyond that achieved by the sphere. Aspheric lenses are now frequently used, even in low-cost consumer cameras, as they give better results from smaller lenses. Although they are difficult to make in the first instance, copies can be molded inexpensively.



5. THE HELIRACKET—WAVES, MOLECULES, AND MUSIC



I understand the inventor of the bagpipes was inspired when he saw a man carrying an indignant, asthmatic pig under his arm. Unfortunately, the man-made sound never equaled the purity of the sound achieved by the pig.

Alfred Hitchcock

The Heliracket* is a combination of bagpipes and a bathtap that employs a mixture of helium and air to play a tune. Before we set about constructing ours, we need to outline a few of the basic principles behind the music of wind instruments.

The cornucopia of musical instruments that have been invented over the years can be categorized in many ways, but one basic grouping is that of wind instruments. These all rely on the production of a musical tone by means of air oscillating to and fro inside a closed vessel of some kind. This can vary from vessels with a very small volume—like the piccolo so beloved of John Philip Sousa—to the positively gargantuan—like the 32 foot pipes on a church organ. But the principle remains that of air oscillating.

In most cases, wind instruments are powered by a human being blowing air through them. The air blown through an instrument will, however, contain less oxygen, up to about 5 percent less than room air, while the carbon dioxide and moisture content will be increased by a few percent. Now in fact the pitch—the frequency of the vibrations—of the air vibrating inside a wind instrument depends upon the speed of sound in the air used. Gases in which sound travels at different speeds produce different pitches. Fortunately this fact does not change the pitch of the notes perceptibly when you use the air from your lungs. The frequency of the note varies with the speed of sound, which varies with the square root of the molecular weight of the gas. So if you change from 100 percent atmospheric air, with a molecular weight of 28 and a speed of sound of 340 m s-1, to 100 percent carbon dioxide with a molecular weight of 44, the speed of sound changes only by 20 percent, to 270 m s-1. With a more representative 5 percent maximum of CO2, we have only a 1 percent change in the speed of sound, to 337 m s-1.

However, helium has a radically different speed of sound, 900 m s-1, so we can radically change the pitch of wind instruments with helium. Many gases are difficult to get hold of, and many are of course potentially hazardous. However, helium is easy to obtain and is easy to handle safely. This project demonstrates one of its curious properties.

What You Need


An ocarina

Two spacehoppers (also known as a moon hoppers, skippyballs, kangaroo balls, bouncers, hoppity hops, or hop balls)

Shut-off valves

A bathtub mixer faucet, the kind with a single lever valve that is moved to select a mixture of hot and cold water, like the Delta type

A mounting board

A long pointer and a reference scale

Tubing

Two volunteers

A helium supply and an air pump



What You Do

You will need two spacehoppers: the large rubber inflatable balls with a handgrip on the top that you can sit on and bounce around. These become your gas reservoirs, one for air, the other for helium.

You will also need an ocarina. This is a kind of flute that has a spheroidal resonator instead of the tubular resonator of a flute. There is an edge-tone generator in the mouthpiece, just like that in a whistle, which turns a jet of air from your mouth into a series of rapid sound pulses. These then synchronize with the oscillations of air in and out of the ocarina hole, producing a fairly pure sine wave tone at a fixed frequency.


Hazard Warning

When it comes to the common industrial gases that are contained inside a cylinder, the greatest potential danger is dropping the thing on your foot. Gas cylinders, despite containing nothing more substantial than gas, are heavy and not particularly easy to get a good grip on, although my company puts a handgrip on the majority of its cylinders. So do try to avoid losing your hold on the thing, and if you have a particularly heavy cylinder, also beware giving yourself a back injury shifting it.

A secondary hazard of gases lies in their potential to asphyxiate. Don’t try breathing pure helium.

Deep sea divers breathe helium safely only because it is mixed with oxygen. Commercially-supplied helium is a very pure product. Take note: A helium cylinder contains helium. It does not contain oxygen. And it is an unfortunate fact that just a few breaths of a gas containing no oxygen will wash the remaining oxygen out of your lungs. You will be unaware of this, and you won’t be particularly stimulated to breathe harder, since the human body is stimulated to breathe harder not by a lack of oxygen, but by an excess of carbon dioxide.

The human breathing reflex deals very well with more normal situations of asphyxia. By more normal, I refer to (for example) a homicidal maniac with his (or her) hands around your throat. In this situation, CO2 will build up in your lungs, telling you to try much harder to breathe. And pain reflexes would probably hint to you that you would do well to remove the maniac’s hands.

So, with no breathe-harder reflex you might carry on breathing helium for longer than you intend, and wind up unconscious. At this point, the most likely scenario is that you fall over, preventing further asphyxia. But of course you might then hit your head on something. And there remains the small chance that you might not fall over, and then you might suffer asphyxia leading to brain damage or death.

Finally, gases like helium have to be compressed to high pressures to get them into cylinders. My company, Air Products, supplies helium compressed at anything from 20 bar (300 psi) to 450 bar (6000 psi). These kinds of pressures would blow their way through a pair of human lungs as if they were made of tissue paper. So don’t even think about doing anything like connecting a gas cylinder outlet to your mouth.



The instrument has a bunch of holes in its body. By blocking up combinations of these, you can produce different notes. For our purposes, however, we want only one note, so you will have to block off all the holes with tape. Just leave the edge-tone generator and, of course, the mouthpiece holes.

You could use another wind instrument, a recorder perhaps, or a reed instrument.** But the ocarina works well and does not normally overblow. That is, you do not get a note an octave above the normal simply by blowing harder.

The bathtub faucet will need to be bolted to the board, and you will need to fit a pointer to the handle that can be directed at different points on the arc marked on the board (as shown in the diagram.) Fill the spacehoppers up from a helium supply and an air pump, and then turn the valves, if you have them, off, or simply squeeze the tubing closed while you connect the tubing to the faucet.

Now, can your new gas-powered musical masterpiece rival the sweet airs of the mythic Sirens, mermaids who lured sailors to their doom? Or maybe you will settle for just a recognizable tune. To play the Heliracket, you really need two or maybe three people. While one or two people squeeze the spacehoppers, the other plays a tune. When you push the faucet lever down, it opens the gas up to the ocarina with a particular mixture, which takes a fraction of a second to settle down, depending upon how swiftly you push the lever. You will need to do some calibration, sounding a long note and then marking where on the mixture scale the different notes fall.

Try leaving one or more of the ocarina’s holes unblocked. This will give a higher note for any particular mixture of helium and air.

How It Works: The Science behind the Heliracket

The ocarina body could be described as a kind of Helmholtz resonator, the term for the resonators investigated by physicist Hermann von Helmholtz, which have a precisely spherical body with a precisely shaped cylindrical entrance.

You can think of many resonator devices as consisting of a spring with a mass. Given a powerful spring and a small mass, the frequency will be high. With a weak spring and a large mass, the frequency will be low. The frequency of a Helmholtz resonator depends upon the size of the sphere—its contents form a gas spring—and the mass of gas at its entrance. This is proportional to the area of the hole times the length of the hole. The frequency of the tone from an ocarina would normally be changed by changing the effective size of the hole, usually by choosing a hole from a selection provided on the body of the instrument.
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Ocarinas are known from prehistory in several countries. However, they are perhaps most often identified with Mesoamerican cultures. Cortes and the early Spanish explorers brought these instruments back to Europe, where their development continued. Ocarinas are usually capable of playing just a single octave span of notes, sometimes a note or two more. They are made in different curious shapes, and with any number of holes, from four to a dozen, arranged either singly or in combinations.

In music a note one octave higher than another is twice the frequency of the lower note. There are 12 semitones in an octave, spaced so that each semitone up in pitch is an equal multiple of the previous semitone’s frequency. So a semitone in music is simply a 12th root of 2 increase in frequency, a factor of 1.05946.

The normal sort of wind instrument has a tube, and sound waves go up and down the tube, reflecting at the ends. Only if those successive reflections add up constructively do you build up a loud sound. So a standard wind instrument sounds a note the frequency of which is proportional to the speed of sound divided by the length of the pipe. There are complications having to do with harmonic notes, which are at two, three, or four times the basic note frequency, and with whether the tube is open or closed at the end, but basically, whatever note is being sounded, its frequency will go up when the speed of sound in the gas in the instrument goes up.

Now the speed of sound—call it c—in a gas is proportional to the inverse square root of its molecular mass (M), or

c ~ [image: Image]M.

Why should the speed of sound vary in this way? One way to think about it is to imagine a line of railroad trucks connected by springs. If you push the truck at the end and then stop it, each truck further down the chain will respond in turn, after a short delay while it accelerates: in this way a wave of movement propagates down the line of trucks. If you add a heavy load to each of the trucks without changing the springs, then each truck will take longer to accelerate and the wave of movement will proceed more slowly.

To give a numerical example, helium (atomic mass 4) has a molecular weight about 7 times less than the nitrogen/oxygen mix (mass about 29) that makes up most of the air around us. So the speed of sound in a helium atmosphere is [image: Image]7 or around 2.7 times the speed of sound in air. A tubular wind instrument will therefore sound a note a little over an octave and a fourth higher than it would sound in air.

Now think about the way the ocarina’s Helmholtz resonator operates, using a gas spring to cause the plug of gas at the entrance to oscillate in and out. The spring of the gas is determined by how much the pressure increases when you push the plug down by a small amount. This doesn’t change with the choice of gas; at least, not much. For example, if you compress a volume of air to half its original volume, then the pressure will rise to twice the original pressure: this is Boyle’s Law. And almost exactly the same thing happens with helium. However, the mass of the gas in the plug does change with the choice of gas—in fact, it is proportional to the molecular weight of the gas—and the frequency is proportional to the square root of springiness divided by mass. So the ocarina changes in frequency with molecular weight, following the same square root law as a tubular instrument like a flute.† Consequently, a Heliracket operating on pure helium should sound a note just a little over an octave and a fourth higher than its note when operating on air.

[image: Image]

Above is a table giving the molecular weight (in atomic mass units) and the speed of sound (meter per second) for several gas mixtures, as well as each of these values relative to nitrogen. The right-hand column shows the number of semitones from the normal pitch that you would expect with a change in gas mixture in the resonator. So, an ocarina on helium will go up 17 semitones, or an octave and third from its normal pitch, while an ocarina on CO2 will go down 4 semitones, or a minor third.

Do wind instruments that are blown by the player go out of tune because of the presence of carbon dioxide in the player’s breath? If you believe the row in the table that refers to 10 percent CO2 in N2, you might expect that a wind instrument would go down in pitch less than half a semitone. However, you have to remember the opposite effect produced by the very light water vapor (molecular weight 18) that accompanies the CO2 in the player’s breath. So there is probably little change.

Actually, as we have explained, an ocarina is almost unique among woodwinds in that it won’t go up in pitch an octave if it is blown harder. There is no equivalent of the overtone mode of tubular instruments in which two waves rather than one fit into the length. Our helium gas mix offers a way to overcome this shortcoming of the ocarina. In fact, as you can see from the table, a mixture of 89 percent helium with 11 percent nitrogen has an average molecular weight of exactly 7, which would give it a speed of sound just twice that of air. This is Doublemix, the magic gas that would allow an orchestral player to convert his flute into a piccolo, or his tenor saxophone into an alto saxophone. Of course, as we cautioned, such a mixture would be dangerous to breathe, at least for more than one or two breaths (although much safer than breathing the pure helium that is sold commercially). A safe mix would be 79 percent He and 21 percent O2, which would give a 9-semi-tone upshift, a musical sixth, with dry gas. Such a mixture has been sold—safely, of course—as a novelty gas that gives you a comical high-pitched voice when you breathe it. This product, in the past by Osaka Sanso Kogyo in Japan, was trade-marked Duck’s Voice. Similar mixtures are sold to deep-sea divers, the helium content being added not for amusement but to counteract the dangerous effects of nitrogen bubbles forming in the body—the bends. In actual use, however, Duck’s Voice would probably not produce such a large shift in frequency as is indicated in the table. With the addition by the player’s lungs of, say, 5 percent CO2 and 3 percent moisture, the upshift would fall to only 7 semitones, an augmented fourth in musical terminology. Duck’s Voice is not the only practical use to be made of the effect, by the way. Miners had a system to warn them of dangerous gas build up, based on the change in frequency of a whistle.†

And Finally . . .

Can one person play the Heliracket on their own? If you put one Spacehopper under your left arm, one under your foot, and then adjusted the mixer valve with your right hand, it might just be possible. Are there pieces of music that would lend themselves particularly well to heliracket performances? The instrument is, for example, capable of a true glissando, where the pitch of the instrument changes continuously. Violin pieces by Paganini spring to mind. But maybe you’d be better off with something not quite so fast-paced until you have achieved full Heliracket virtuosity. And there does tend to be a little glissando before every note that you sound, which causes trouble in fast-paced music. So maybe something dreamy by Debussy or a calm gymnopedie by Erik Satie would be a safer choice.§

Can you eliminate the glissando between notes by somehow adjusting the mixture before playing each note? Could you finger the tone edge to prevent sound until the mixture was correct and filled before each note? This might allow you to deal with the need to fill the ocarina with the new mixture sounding the note.

And what about a Heliracket duet? Would it be possible to run two Helirackets off one pair of spacehoppers? And if you have big spacehoppers, what about a whole chorus?
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*The German for bagpipes is “Dudelsack.” So maybe our new musical instrument should be dubbed the “Doppeldudelsack,” or maybe even the “Doppelhelidudelsack.”

** The chanter from bagpipes can be made to work as well.

† To complete the picture, the ocarina frequency ([image: image]) changes with the area and length of the main resonating hole, and the volume of the body:

 

[image: image] ~ c [image: Image](A / L V),

where A is the area of the hole, L the length of the hole, and V the volume of the ocarina body. Hence the frequency will rise as the total area (A) of the uncovered holes is increased, and will be lower for an ocarina with a larger body.

† Historical note: German miners were probably the first to use the effect. Many centuries ago they could detect methane in mines by listening for differences between the tones of two identical whistles. They later had an arrangement called the Schlagwettepfeife, devised by Fritz Haber, the famous chemist. With one whistle running on pure air and the other on contaminated mine air, they could hear the beat notes caused by the constructive and destructive interference of sound from the two whistles. Similar systems were in use by 1884 in England.

§ A colleague of mine, Mark S. Williams, gave a sophisticated Heliracket performance (of “Twinkle, Twinkle, Little Star”) on BBC TV in 2000. He used a reed-based chanter (the thing you blow into) from a bagpipe rather than an ocarina and gas supplied via pressure regulators to the bathtub faucet. Thanks for the idea Mark!



6. THE HELITOWER—THE MOMENTUM PRINCIPLE OF ROCKETS AND HELICOPTERS



“Tie Me Kangaroo Down, Sport”

Rolf Harris (Australian song title)

The need for a lookout has been with us from time immemorial, come peace or war. The ruins of ancient towers on hills and the crow’s nests perched high on the masts of vintage sailing ships are reminders of this basic human need.

These days wartime requirements for high-level lookout capacity are often supplied by aircraft. Starting with the scout planes of the First World War, successive developments have culminated in today’s drones, bristling with cameras and sensors. Ground-based devices have been evolved as well. The army has, for example, been using mirror-or prism-based periscopes for many years, simple cousins of the sophisticated telescopic devices used in submarines. Indirect vision has more recently been provided by devices using a long extending-pole with a tiny camera at its tip. But the best bird’s eye view you can get from a ground-based device has to be the view from a Helitower . . .

What You Need


A powerful lightweight motor with a step-down transmission

A largish propeller or rotor, perhaps from a broken model helicopter

A heavy X-frame of wood, 30 mm × 15 mm (1¼" × 3/4") or thicker, or weights (e.g., bricks with holes in them)

Hooks or brackets to go on weights or on the frame

Balsa rods (see diagram on the next page) or expanded polystyrene; e.g., a 6 mm (1/4") sheet

Wire (e.g., 0.4 mm enameled solid-copper wire; see discussion)

Glue, tape, etc.

A DC power supply appropriate to the motor—an adjustable type is preferable

 

Optional

A laser

A tiny lightweight wire hook

Small weights



What You Do

You need to select the motor and its reduction transmission with care. It must be light, but powerful enough to carry its own weight, the weight of the rest of the craft’s body, and the tethers and wires, plus a little more besides in order to keep tension on the tethers. The reduction you need in the transmission will depend upon the pitch and diameter of the rotor. As we will see in the science discussion below, there are advantages—up to a point—in going for a larger-diameter rotor. Commercial helicopters usually use rotors that are large compared to the fuselage size for the same reason. But a smaller rotor—a propeller in effect—can also be made to work. It will need to spin at a much higher speed, and therefore will need either a small reduction in the transmission or no transmission at all, just a direct connection from motor to propeller.

First, construct the Helitower following one of the two plans illustrated. The extended balsa rods are essential to give the first system stability, both against moving away from upward-pointing and to stop the vehicle from spinning and tangling its tethers. The second design (on page 251) avoids much of the spinning problem by using the large cross-shaped fins. These straighten out the rotating airflow coming down from the propeller. With air coming more-or-less straight down, there is almost no tendency to twist the craft.

You will need at least three tethers—in fact three is easiest in some respects, as then all three are guaranteed to be tensioned when the rotor lifts. However, there do seem to be advantages in having four as well, although this requires careful adjustment of the tether length. When I tried four tethers, I noted a smaller tendency to instability and perhaps better resistance against torque reaction. You can use wires for two of the tethers, which will serve as a convenient path for the current to the motor, and a dummy wire or two for the others. But if you think that the resistance of the connecting wires will be a problem, then use four wires and employ them all for supplying current—two in parallel for the positive and the same for the negative connection. Obviously it is an advantage to use the lightest wire possible. Solid copper wire, 0.3 mm or so, insulated with enamel, works pretty well—it is easily strong enough to resist lift forces and has a low enough resistance for a few amps of current. However, it is not very strong for handling and tangles easily. A slightly thicker gauge, say 0.4 mm, should work for all but the smallest Helitower: the additional stiffness of the wire helps avoid a tangle.
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Now don some safety goggles to protect your eyes from the whirling rotor tips, grasp the body of the vehicle and ramp up the voltage of the power supply, checking that all is well. With the rotor spinning in a vertical axis at a moderate velocity, and the tethers taut, try to release your grip without removing your hand, so that you can feel if the craft is lifting. Increase the power supply until you are sure that you have lift. The motor will probably be straining its utmost, the gearbox grinding alarmingly, and you may find the whirling rotors rather scary too. But if don’t have enough power, you court disaster. Now cautiously try to move your hand away. With luck, you will find that the system stays aloft, even as it rocks and bucks a little, twists, and all the time threatens to collapse. It sometimes helps to avoid particular levels of power that cause particular problems, and to go a little higher or a little lower in power. The Helitower will often be more stable with excess power, but sometimes it will get into a violent galloping motion, which is reduced at lower power settings. You will find that you lose a little power as the motor warms up—due to the increased resistance of the motor windings as they get hotter, reducing the current that can flow. You can compensate for this by applying a little more power after a couple of minutes, but don’t overdo it!

To get the machine down again, don’t simply cut the power: you might end up with a heap of tangled wires and shattered rotors. Instead, reach in boldly and grasp the machine body, and then cut the power slowly. When the rotors finally stop, you can put the Helitower down on the ground again.
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With smaller versions of the Helitower, you can start them from near the ground by holding them taut with two wires, the other tether(s) slack, and pointing the vehicle somewhere between upward and away from the taut tethers as you release it. The machine should rise steadily, pointing at first substantially sideways, but then finally coming up vertical as it reaches its apogee (highest elevation). You will need some excess power to complete this maneuver.

Troubleshooting

Check out how hot the motor is getting. You may find that your Helitower will work just fine for a minute or two, but then starts to overheat and refuses to fly. If you get a serious case of galloping, try gently grasping two of the tethers with your hands. You will often find that you can damp out the galloping motion, which will then not recur.

If your Helitower is working well, you can have a try at showing how the lift you get is related to the power you supply to the machine. All you need is a laser, perhaps a red diode laser bubble level. Set this up to run horizontally at a height to which the Helitower normally lifts stably. Fit the Helitower with a small wire hook in the center, underneath the machine, so that you can attach tiny weights, and draw a horizontal Plimsoll line around the fins.

Now launch the machine into the air and adjust it to run so that the laser strikes the fins at the level of the Plimsoll line. Note the voltage and current from the power supply and then try adding a small weight while boosting the power to maintain hovering at the height indicated by the laser. When you have equilibrium, note the voltage and current once again, and then try another weight. Remember that power = voltage × current.

Does the increase of power-applied increase the weight of the Helitower proportionately? Or does a large increase in power yield only a small increase in lift?

To get accurate results you may have to correct for the effects of the voltage lost in the copper connecting wires. How can you do this? If your Helitower works well, maybe you can see if it follows the Helicopter Equation (see below).

There are two ways to think of the lift created by the helicopter rotor: as a lift force on a wing whizzing through the air, and as a column of moving air, created by screwing a propeller into the air. As the rotor screws its way along, trying to go upward, it pushes air down underneath it, producing an upward force in the same way as a rocket reacts to the downward thrust of air. Newton’s laws tell us that the upward force will be equal to the momentum per second of the air thrown downward, and we will do some calculations on this below. In order for the Helitower to work, the upward force must be greater than the machine’s weight. And its weight includes not only the aircraft itself, of course, but also the wire weight. Even then, the Helitower doesn’t work properly until there is a bit of excess lift force, enough to provide some tension in the wires. Without that excess lift, the craft will tend to twist around, and the wires will get in a tangle.

How It Works: The Science behind the Helitower

If you know how fast the rotor spins, and you have data on the lift versus speed characteristic of the airfoil section at different angles of attack, you can calculate the lift of a spinning rotor, and the speed of the downward-going air column. This calculation is complicated by the fact that a rotor is typically shaped to have an angle of attack that increases roughly linearly from the tip to the root of the blade. You can figure out the speed of the downward-going air column, less accurately perhaps, but more simply, if you know the pitch of the rotor blade disk and the rotation speed. Those figures will allow you to calculate the force required to maintain the creation of that moving air, which equates to the upward force created. The equation for such a force is given by the mass of air driven downward each second multiplied by the speed at which it goes down.

For example, if your rotor has a diameter of 600 mm and a pitch of 300 mm, then spinning at 300 rpm it will propel a column of air 600 mm in diameter at a speed of 3 m s-1 (6 mph). The mass of this column per second will be 0.8 m3 multiplied by the density of air, around 1.3 kg/m3; i.e., 1 kg. The force created will be 3 × 1 = 3 N, or lift force = 0.3 kg force (0.6 lb).

The lift of the Helitower depends upon the square of the speed of the downward-going column of air, the speed entering once in the mass of air pushed downward and once in the velocity of that column. The power needed to provide the lift is given by the force multiplied by the speed at which it has to act; hence velocity (v) enters yet again, so that the power needed to lift a helicopter is proportional to the cube of the velocity. The power (P) needed by a Helitower is expressed by the Helicopter Equation:

Lift = r2/3 ρ1/3 P2/3.

This gives the lift in terms only of power, rotor radius, and density (ρ). It has 1/3rd powers in it arising from the velocity cube in the power. The equation clearly illustrates the much higher efficiency of larger diameter rotors. The lift you get will go up if you increase the rotor radius to the 2/3rd power of radius. Increase the rotors 8 times in length, and you will get 4 times more lift. And of course, the density term makes it difficult to fly helicopters up to the top of mountains, as air density goes down with altitude, and so does the lift.

Lift will also go up with applied power (P), but only with the 2/3rd power of P. Now, let’s put some numbers in. If you want to get 4 times more lift, you will need not 4 times more power, as you might expect, but 8 times more power. To get that extra lift, it would be considerably more efficient to increase the rotor radius (r). So, what about all those fascinating-looking hover cars or rocket cars driven by fans or jets that, according to sci-fi novels and movies, we’ll all be steering through the clouds in the centuries to come? Well, it ain’t going to happen like that. As this piece of math tells us, the humble helicopter with a large rotor is considerably more efficient.

A helicopter usually needs around three times more power than a winged aircraft relying on its forward motion to create lift. We can also use the math above, along with a Gedankenexperiment to see why this might be so. Conjure up in your imagination an airplane attached via its left wing-tip to a long stick, the other end of which is fixed to another plane’s left wing-tip. This constitutes an assembly rotating around its center that can be viewed as a peculiar kind of helicopter, one whose rotor diameter is enormous. From the math, we now know that an enormous diameter rotor will be more efficient.

The galloping instability effects that you may have experienced may involve an interaction between the elasticity of the tethers and the rotor blades. Think of what happens when the hovering machine first gets to the end of its tether. The tether stretches a little, storing some energy. This energy then goes into flinging the machine downwards. At that moment, the whirling rotor, instead of hitting air moving rather slowly, encounters air moving rapidly upward. That air will, in effect, be moving at a larger angle to the airfoil of the rotor, and it may stall, reducing lift and amplifying the downward tendency for an instant. This momentary amplification feeds energy into the galloping motion, which would otherwise die out very quickly, and the motion carries on.

And Finally . . .

There are many possible improvements you could make. Can you design a set of winches that would allow the helitower to ascend vertically from the ground?

Or could you devise a damping mechanism that would reduce the tendency of the Helitower to buck and rock? A spring inside a dashpot, a water or oil-filled piston-cylinder combination, might provide the necessary damping. It might be possible to make a dashpot out of a disposable syringe.*

What about eliminating the Helitower’s twisting problem? You might, for example, make a helicopter with two sets of contra-rotating blades, whose motion would cancel the unbalanced torque. Engineering coaxial contra-rotating blades could be difficult, but you might be able to rebuild a broken toy helicopter. A twin rotor arrangement like that of the famous Chinook machine used by the military might work just as well, however, and it would be easier to build. Just make sure that you have the necessary rotors with opposite handedness, and that you spin them in opposite directions.

There are patents on helicopters that have some degree of control, like a commercial helicopter, but retain one tether wire. Such machines have been proposed for use as camera platforms, and also for crop-spraying. How would you go about making a single-wire Helitower?
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* A recent example of a dashpot damping out galloping motion: The Millenium Bridge, a long, narrow footbridge across the Thames in London suff ered from instabilities when lots of people began walking on it with synchronized strides. It was equipped with dashpot dampers and was stable when I walked on it a year back. There are films of it taken while it was unstable, and it looked like a lot of fun. But I guess it wasn’t safe.
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EXOTIC CLOCKS
AND OSCILLATORS:
A CORNUCOPIA OF
UNUSUAL CLOCKS


If you can look into the seeds of time,
And say which grain will grow and which will not,
Speak then to me

William Shakespeare, Macbeth







1. THE PAPERCLIP CLOCK—A MAJOR LEAP FORWARD IN HOROLOGICAL SCIENCE, THE ACME OF SIMPLICITY



Make things as simple as you can, but no simpler.

Albert Einstein’s version of Occam’s Razor, which says
that theories should be as simple as possible.

There must be at least a thousand more complicated ways to make a clock out of a pendulum, and many of them no doubt provide better technical performance than the the Paperclip Clock we are about to construct. Dava Sobel’s excellent book Longitude describes master clockmaker John Harrison’s heroic creation of the longitude clock, the first timepiece accurate enough to give the longitude position of a ship at sea. Harrison’s 1761 design was the most intricate labyrinth of clockwork ever made, but even ordinary clocks in his day had anchor and lever escapements, barrel and fusee power springs, temperature compensated pendulums, and so forth. We would have to go back nearly a thousand years to the very first pendulum clocks to find truly simple mechanisms. If we share Einstein’s goal of making things as simple as possible, we can hardly do better than the Paperclip Clock. It has an almost startling simplicity about it that the clockwork of yesteryear, with all its paraphernalia of improvements cannot claim.

What You Need

A 1.5–3 V cassette tape motor

A wheel or gear to fit on the motor shaft

An alkaline battery, either 1.25 V NiCad or 1.5 V alkaline

A battery clip

A small nail

A medium-size metal paper clip, 25 mm (1")

String: e.g., polypropylene cord or plaited polyester cord

A weight—a large bolt or modeling clay would do

A 10 ohm resistor

A piece of heavy-gauge wire to act as a flyweight

A choc-bloc connector

Pieces of wood (see diagram on facing page)

What You Do

The arrangement we’re aiming at is a pendulum bob on a string, with a motor propelling the pendulum to maintain its oscillation via the loose slot formed by a paper clip half down the string. The paper clip is modified to provide a loose sliding path for the crank pin on the motor, loose enough that the crank pin, a nail, will traverse it without much friction.

You could simply drill a hole for the nail, but I fitted it to the plastic wheel on the motor shaft by heating it in a small gas flame, holding it with a pair of pliers and then pushing it into the wheel, about 4 mm (3/16") from the center. If it is not firmly fixed after this procedure, add a little cyano or hot-melt glue.

You need to ensure that the string support is vertically above the middle of the motor crank, to within a few millimeters. The other vital statistics for my first version of the clock were the length of the upper string (from the top of the support to the motor-shaft pivot) = 27 cm (10½"), the length of the lower string (from the center of the motor shaft to the center of the pendulum bob = 40 cm (16"), and the weight of the pendulum bob = 400 g (14 ounces).

You must also ensure that the nail travels up and down the paperclip-sliding without escaping from either end as the motor rotates. The 10 ohm resistor is there simply to limit the torque from the motor to a value below that at which it would ‘run away’ and simply rotate irrespective of any pendulum movement, while providing enough torque to overcome any friction in the motor itself.
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Now swing the pendulum and apply power. If the motor immediately runs away, then add more clay to the bob. If your arrangement swings nicely, but then slows down and stops, try a little less clay on the bob. I found that a swing with a 50 mm (2") amplitude arose with my 400 g (1 lb) bob, with a period of about 1.4 seconds.

There are some potential failure modes. If your pendulum runs away even with a heavier pendulum, the motor may be too powerful. Try a larger value resistor instead of the 10 ohm. You also need to give the pendulum a large enough swing to get it started, otherwise you will get the same run away effect even with a correctly made system. Another failure mode is that the motor simply won’t keep going reliably—you may need to lubricate its shaft and the nail with light oil, and, if that doesn’t effect a cure, try progressively reducing the value of the 10 ohm resistance.

Once you have the pendulum swinging steadily, you can try pendulums of different lengths. As in standard pendulum clocks, lengthening the pendulum string will cause it to swing slower. You may find that you need to adjust the bob weight to get the clock to swing a longer or shorter pendulum. In theory, this shouldn’t affect the period. However, in practice, the clock will run slightly slower with a larger weight.

How It Works: The Science behind the Paperclip Pendulums

The oscillator here is definitely regulated by the pendulum. Without the pendulum to rein in its enthusiasm, the motor would spin at several hundred rpm, not the 30 rpm or so of our model. The standard pendulum equation applies to the paperclip approximately. So, we would expect to have a time period τ of:

τ = 2π [image: Image](L / g).

In standard gravity (g), this would give a period of 1.4 seconds for a string length (L) of 49 cm, which differs from the measured total string length of 67 cm (10½").

However, what this account of the clock has not got right is the true effective length (Leff) of the pendulum. Divide the string into an upper portion, length [image: Image], and a lower portion, length K. The effective length is certainly not K, since the pendulum is clearly not swinging from the motor. However, neither is it arguably the full length of the string (K + [image: Image]), since this would imply that the string stays straight, and a moment’s observation will convince you that is not the case. You need to pay particular attention to the angle to which the pendulum swings, and the maximum angle to which the paperclip swings. Throw in a little math and geometry, or maybe a scale drawing, and you’ll get to an effective value in our example of Leff = 50 cm, pretty close to the measured result.


CRANKY CLOCKS

There are still a few extant, though rare, examples of clocks driven by cranks that were made during a brief period of clockmaking in the seventeenth century. They offered a clock mechanism—not the same as the system we use here—that did not tick, a desirable feature if you are a light sleeper. The British Museum in London has such a silent crank clock, made in Rome in 1683 by Pietro Tommasi Campani. It came complete with a translucent dial and a candle, so that it was self-illuminating. Clearly a silent clock with a bell would have been illogical!




THE SHORTT CLOCK: THE WORLD’S MOST ACCURATE PENDULUM CLOCKS

Shortt-Synchronome clocks, which enclose the pendulum in a vacuum chamber, were advertised as accurate to one second per year. They were designed in the 1920s by London railwayman William H. Shortt and Welshman Frank Hope-Jones, who was also a pioneer radio manufacturer. Shortt was interested in time and clocks via his railway work, while Hope-Jones wanted radio to synchronize his burgeoning network of clocks. These clocks have bearings of such high quality that they continue to beat for hundreds of thousands of swings of the pendulum after power is cut off. Recent measurements on a Shortt clock showed that it is in fact ten times more accurate than the promised one second per year. It won’t make you late (or early) by more than 1 part in 300 million!

Robert Matthys (see the references on page 265) describes his experiments on how super-accurate pendulum clocks that might eventually beat the world-record Shortt clocks can be built in a home workshop using modern technology.



Finally, can we predict how long our pendulum clock will run? With a 10 ohm resistor, the motor will take roughly 100 mA, and the battery has a charge of around 800 mAHr. The pendulum then ought to run for something like 8 hours on an AA rechargeable battery with a small motor.

And Finally . . .

A Possible Perfect Pendulum

The Paperclip Clock doesn’t really need electric power, of course. The gearwheels from a Meccano (Erector) Set could be used to create a going train to power the clock via a falling weight. When I tried something like this, I found that that this kind of clock was, if anything, easier to set up than the electric version, although obviously a lot more work to construct as the photos on the next page show.

One of the driving forces in pendulum clock design in the eighteenth and nineteenth centuries was the achievement of perfect regulation with respect to drive-power variations. Drive weights and pulleys with narrow cords (rather than spring drive), and the helioconical pulley fusee mechanism were used to achieve this. The ultimate weapon for power regulation, however, was the remontoir, which allowed for the frequent rewinding of the small mainspring from another power source. And a Huygens tape suspension confined between cycloid-shaped cheeks was aimed at making a pendulum isochronous with respect to amplitude variations, attacking the other side of the problem.

To really check out the regulating effects of the pendulum versus the drive, we should vary the drive current to the motor and measure the change in pendulum period that results. The drive current must be held between the limits of runaway at the upper end and failure to maintain at the lower end. Increasing the drive current will, of course, increase the pendulum amplitude.

If the power applied to the pendulum is mainly dissipated by air drag, that drag rises approximately as the square of the pendulum’s speed, and that means the square of the amplitude. Because power is force × distance, the power consumed should vary as the amplitude cubed.

Now a curiosity: the Paperclip Clock goes faster as it swings wider. As you will appreciate if you draw a scale diagram to estimate Leff, increasing amplitude will decrease Leff . And a decrease in Leff will decrease the pendulum period. This is the opposite of what happens with a simple pendulum, where the period grows longer with increasing amplitude. The two effects could cancel each other out if the design was right. And so it just could be that there is an optimum amplitude for some designs at which the period doesn’t change with amplitude, at least for amplitudes close to the optimum. The Paperclip Clock could well be a Perfect Pendulum!
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CLOCKS AND OSCILLATORS

At the heart of most accurate clocks lies an oscillator: a pendulum swinging to and fro or a vibrating quartz crystal. The pendulum or crystal are maintained in their state of oscillation by some means which in a mechanical clock is dubbed the going train. This is a train of gearwheels connected to the mainspring, which provides the power. The equivalent for the quartz clock or watch is a transistor feedback circuit powered by a battery. The clock must also include a means of counting the number of oscillations: this number, in a suitable format, is the time. Because in standard mechanical clocks the number is displayed by hands going around a dial, the counting device, another set of gearwheels, is known as the dial train. The equivalent for a quartz timepiece are the digital counter circuits that operate the LCD display.





2. THE MICROPENDULUM—THE PRESTIPENDULOUS TICK-TOCK CLOCK



Oh! She was perfect, past all parallel—

Of any modern female saint’s comparison,

So far above the cunning power of hell,

Her guardian angel had given up his garrison;

Even her minutest motions went as well

As those of the best time-piece made by Harrison.

Lord Byron, “Don Juan”

You might wonder why the portable clocks and watches of the past used balance wheel oscillators. What is wrong, you might ask, with simply making a smaller version of the pendulum oscillator used in a grandfather clock? Well, there is nothing basically wrong with making a pendulum smaller, as this project will demonstrate. The balance wheel has, however, an orientation advantage. Most mechanical pendulum clocks—grandfather clocks and even cuckoo clocks—will not operate unless they are within 10 degrees or so of vertical, and they will be inaccurate unless they are rather better levelled than that. But it would be possible to avoid this problem by making a pendulum clock that was mounted in gymbals and pointing always downward, no matter how you orientated the case. This is in fact one of the approaches that John “Longitude” Harrison adopted for his first attempt at a longitude clock.

The real reason why balance wheels replaced pendulums in mobile application has to do with the problem of accelerations. If you accelerate a pendulum clock, it will respond to that acceleration by swinging, and that will interfere with its time-keeping swings. A balance wheel, by contrast, is unaffected by accelerations, which simply impose a force on its pivots. Angular accelerations could in principle be a problem for a balance-wheel instrument, but they would have to be very large to cause trouble—much larger than is normally the case.

The length of a pendulum in a conventional pendulum clock governs the period of oscillation. A seconds pendulum swings to and fro in one second, two seconds for each complete oscillation, and at sea level it is 1 m (39") long. The oscillation period shrinks with a decrease in pendulum length, but only as the square root of the length. This means that a pendulum with a length of 25 cm (10") will oscillate only once per second. A pendulum 5 mm (3/16") long will oscillate about 7 times per second. But can such a small pendulum be made? Let’s find out.

What You Need


A compass, ideally with a clear glass or plastic top and bottom

An infrared photodiode or phototransistor, with a visible-stop filter

An IRED (infrared-emitting diode; i.e., an IR LED) or a computer mouse and a small steel nut or tiny magnet

A power transistor

Resistors

A capacitor

An electromagnet, such as the coil from a 6 V relay

A diode



What You Do

The micropendulum is based on the idea of using an optical beam to detect a pendulum swinging towards a electromagnet. Then the magnet is actuated momentarily, pushing the pendulum a little. Its action is just like pushing a small child on a swing. You have to push just a little at the right time during each swing. The pendulum itself is based on a magnetic piece of steel with bearings: a compass.

The ideal sort of compass for this project is one of the miniature kind that has a bearing both at the top and bottom and are housed in a case that is transparent at top and bottom. However, if your compass has a clear top only, you can drill a hole in the bottom for the IRED or photodiode.

Break off the arrowhead or North end of the compass needle, and add a small wedge-shaped piece of blackened aluminum foil, centered on the pivot and glued to the South end of the needle to act as a light blocker. Now put the compass back together, and check that the needle assembly can swing freely to and fro in a vertical plane like a pendulum.
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As an alternative, you could take a ball-based computer mouse to pieces. Inside you will find two wheels that rotate to give X and Y pulses when the mouse, driven by friction on the ball, moves. Each of the wheels has vanes that pass through an IRED/phototransistor beam-breaker system to generate the pulses. Remove the phototransistor/IRED circuit and one of the multivaned wheels with its pivots from the assembly, attach a small piece of steel like a nut, or better a tiny magnet, something with a diameter of about 3 mm (1/8"), to the perimeter of the wheel. Now break off the vanes on the wheel leaving only a 45 degree sector and stick tape over the sector. Now glue the bearings to a suitable support with the axis horizontal, and again check that the nut or magnet swings freely to and fro, the sector vane breaking the beam between the phototransistor/IRED assembly at the top.

The easiest sort of electromagnet to use is the coil and its iron core from an electromagnetic relay. Select a relay that has a low operating voltage: something like 6 V or 12 V.

The infrared LED and IR photodiode need to face each other through the compass—this is already a given if you are using a mouse assembly, of course. Many circuit configurations will work here. However, a capacitor on the order of microfarads is vital to the working of the micropendulum. Without it, the gadget will tend to lock up with the pendulum stuck to one side or the other. The capacitor provides a phase shift, a shift in the timing of the kicks given by the electromagnet. The output of the phototransistor is too low in power to operate the electromagnet directly, hence the need for the additional transistor or transistors. The other essential is the diode across the electromagnet. When an electromagnet is flipped on and off, it tends to produce large voltage spikes. The diode suppresses the spikes, but does not—because it is connected in reverse—affect the normal operation of the electromagnet. Before installing the electronics on the compass, check that breaking the beam link with a small slip of paper does indeed flip the electromagnet on and off.

With everything wired up, connect the battery, perhaps checking with a multimeter that the current drawn is reasonable (e.g., less than half an amp). Then swing the device from side to side to get the pendulum going, and put it down. If you are lucky your first time out, the pendulum will swing to and fro in a blur of speed, widely at first, but settling down after the initial 10 or 20 swings into a regular amplitude. More likely, you will need to move the casing of the compass around, adjusting the position of the optical beam, and you may also need to adjust the position of the electromagnet. Each time you move something, check that the pendulum is getting drive from the circuit.

You may be able—just—to count by eye the oscillations of the pendulum. It may help to drum your fingers in time to the oscillations to achieve this. Imagine that you are repeatedly playing prestissimo a scale of four notes on a piano. Count with a stopwatch to measure the period of a few tens of swings. If you have an oscilloscope or a datalogger device for your computer, you can plot the voltage at a point on the circuit—such as the output transistor collector side of the electromagnet. You should see a square wave at the expected 5–7 Hz or so. It is remarkably fast.

How It Works: The Science and the Math behind Micropendulums

The periodicity of a pendulum is 2 π [image: Image](L/g), where the length of the pendulum is L, and g is gravity. The square root is the reason that we need to make such huge reductions in pendulum length to get a faster swing.

The micropendulum—depending upon exactly how small you make it—swings very fast; a 10 mm pendulum, for example, swings at around 6 beats per second. How far could we carry the process of miniaturizing a pendulum? A heroically small 1 micron pendulum would oscillate at an unbelievably slow 1000 Hz. However, it would probably be very difficult to demonstrate such a diminutive pendulum in operation. The gravity forces acting on it would be easily swamped by electric forces deriving from small amounts of surface charge. With a 0.1 micron cube of lead for its bob, such a pendulum would weigh only 10-17 kg, which means that it would exert a force due to gravity of 10-16 Newtons—which is small compared to typical electric forces.

There has been a trend towards higher frequency standard clocks. After the Shortt-Synchronome pendulum clock of the 1920s, the first clock that was more accurate than the stars, Horton, Marrison, Essen, and others introduced clocks using oscillating quartz crystals operating at anything from 32 kHz to 2 MHz. These function, in essence, as small tuning forks, with the springiness of the quartz replacing the force of gravity. Quartz achieved accuracies ranging from seconds to a handful of milliseconds per year. Then the atomic clock came along, and accuracies went through another revolution. After a dalliance with ammonia vapor, teams in the US, and then in the UK managed to synchronize an oscillator with the atomic transition frequencies of cesium atoms. This 1955 standard is still being used today, although there have been further developments using other atoms. The cesium atomic clock oscillates at a scorching speed—18,000,000,000 times faster than the standard pendulum!

And what about the electric-circuit details, such as the diode and the capacitor? What are they doing? The capacitor causes a small delay in the switching on and off of the coil. It’s like your timing when you push a small child on a swing in the park. Push with the right timing and the swing increases, push with the wrong timing and it doesn’t. With a capacitor in our circuit here, the magnetic push given is timed to increase the swing of the micropendulum. The diode corrects the voltage spike produced according to Faraday’s discovery of induction: that the rate of change of current (i) in a circuit produces a proportional voltage, or E ~ L di/dt, where L is the self-inductance—broadly speaking, the size of the electromagnet coil. So if you stop the current suddenly, there will be a sharp voltage spike in the direction opposite to the current that has stopped, and it is this spike that the diode shorts out.


SLOWER PENDULUMS

You might think that τ = 2 π [image: Image](L/g) just about wraps it up as far the period of pendulums goes. You just choose the length (L), and everything is determined, since π and g are fixed numbers. But not so fast! The period of a pendulum can be easily modified in a number of different ways. Perhaps the easiest way is just to change one of those fixed numbers—gravity, say. Change g, and you change the pendulum period. But how exactly are we going to change g? Experiments on the moon are inconvenient for most of us. A more realistic option is simply to attach the pendulum to a pivot axis that is not horizontal. If your pendulum axis is at angle θ to the horizontal, then the effective g factor is given by:

g' = g cosθ.

So, if you make θ zero, you just get regular gravity. But if you make θ big, say 80 degrees, then you get g' = g/6—which is Moon gravity. This is the method often employed to get long periods (10 or 20 seconds) for use with seismometers.

[image: Image]




A counter-pendulum, an inverted pendulum linked to the standard pendulum, is another possibility. The inverted pendulum tends to increase any deviations of the standard pendulum from vertical, so the restoring force due to gravity is reduced. The effect again is the equivalent of diluting gravity. In this case, the overall system will deviate from vertical markedly if its base is inclined slightly to horizontal. Y. T. Li’s patent (Patent [image: Image]US3997976) shows how the latter effect can be used in another seismographic instrument—a tiltmeter.

Finally, the compound pendulum is another, and simpler solution to the problem of providing a longer period. Instead of a single bob at the bottom, the compound pendulum is equipped with an upper bob, above the pivot. Consider a compound pendulum that has two similar bobs length L from the pivot, but with a center of mass Lcom from the pivot—where Lcom is small compared to L. The pendulum will have a periodicity (τ) of

τ = 2 π [image: Image](L2 / g Lcom).

The compound gets away from the simple 2 π [image: Image](g/L) law because it can make Lcom much smaller than L, increasing the period relative to the simple pendulum by the square root of the ratio L/Lcom.



And Finally . . .

I got the idea for this pendulum clock when someone asked if there was a desktop demonstration that would prove that the square root of g dependence in the pendulum period formula was correct. I offered the explanation above: that g could be reduced by mounting the pendulum to swing more horizontally, but that didn’t take us to larger values of g. Moving to another planet to try out a different gravity strength would require adding a 500 ton rocket and an interplanetary spaceprobe to the “What You Need” list, and the project might take us somewhat longer than one Saturday to complete, so we opted instead to simply increase gravity by putting a pendulum clock on a rotating platform. Why not try this? Armed with a working micropendulum, you could add a small bleeper to the circuit, across the terminals of the electromagnet. With the micropendulum mounted on a gramophone turntable, simply count the number of bleeps against a stopwatch. If you find counting the beeps at higher frequencies tricky, you could add a divider circuit to beep on every second or every fourth swing.
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Describes atomic clocks, right up to the latest experimental atomic clocks, which use not a bunch of billions or trillions of atoms, but a single atom of mercury or strontium.





3. THE STRING THING—BALLET DANCING FOR PENDULUMS



Far out in the uncharted backwaters of the unfashionable end of the Western Spiral arm of the Galaxy lies a small unregarded yellow sun. Orbiting this at a distance of roughly ninety-eight million miles is an utterly insignificant little blue-green planet whose ape-descended life forms are so amazingly primitive that they still think digital watches are a pretty neat idea.

Douglas Adams, The Hitchhiker’s Guide to the Galaxy

The spiral unfashionable? You could make a case that it is. Outside of its occurrence in shellfish, the spiral is, as a rule, a rare form for an object to take. There are a few engineering devices, to be sure. A type of spiral waterwheel called a “noria” still pumps water to fields in the Middle East. And there are spiral (or scroll) high pressure pumps as well. But these are engineering oddities. The glaring exception to the rule was, until recently, the use of spiral springs on the balance wheel and in the going train of most clocks and all watches. But now these are antiques and spirals have gone back to being unfashionable. In this project we will resurrect the spiral to show how it can be used in quite a different way: as the orbit for a pendulum in a timepiece.

In “The String Thing,” the time that it takes a conical pendulum to spiral in, wrapping itself around a pole, and then to spiral out again, is the timing element. The original version of the device was made as a toy in the nineteenth century, and quite possibly earlier. There are French antique clocks, toy-cum-timepiece, that are based on the concept.


BENJAMIN FRANKLIN, THE GUNPOWDER CLOCK, AND THE OTHER CRAZY CLOCKS

How can an audible clock be operated by a sundial? Put your mind to it, and you and can probably think up a myriad of possible mechanisms. A lens that melts wax on strings holding ball bearings which then hit bells, for example. Or something ingenious to do with overbalancing levers heated thermally releasing balls or seesaws? Or maybe bimetallic trigger strips releasing spring-loaded hammers? Benjamin Franklin is famous for many things, but, sadly, he failed to get famous for his invention of the pyrotechnic sundial. Franklin devised a system requiring a large number of gunpowder charges per day to blast out the hours in gun salutes. It is a workable system. I think it highly probably that it has been tried more than once since, and there are certainly antique devices in several museums and collections that explode some black powder once a day at noon. To blast out the hours over half a day, Franklin’s explosive sundial would apparently have needed 1 + 2 + 3 + . . . 12 = 6.5*12 = 78 charges. But he put it forward as a spoof. He jokes about there being a heavy demand from the public for the device. After a detailed description and a critical view of this invention, Franklin’s final comment reads, “Let all such learn that many a private and many a public project are like this striking dial, great cost for little profit.” But, we might counter that a crazy project can (in fact) repay our effort and cost by simply being a heck of a lot of fun.



What You Need

A stick to serve as a winding pole

A stick for a rotor

A wooden support for the rotor

A small (1.5/3 V) motor with reduction gearwheels

A DC power supply or batteries and battery holders

A base plate

Washers

A small weight; e.g., a steel washer or a heavy bead

Thin string, such as button thread or fishing line

A battery (1.5 V or 3 V) and a battery box

Optional

A resistor, such as a length of Nichrome wire

What You Do

You will need to acquire a motor with a fair degree of reduction drive. A typical motor on a modest supply voltage might turn at 3000 rpm, whereas what we want is a rotor that turns at no more than, say, 60 rpm, so a reduction drive on the order of 50:1 is indicated.

The arrangement must be set up in such a way that the rotor stick can rotate freely without fouling the winding pole. Make sure, too, that the stick rotates in a horizontal plane. Try varying the power supply or the number of batteries until you get the right rotation speed. If you are using batteries, you could add a resistor made from a length of resistance wire like Nichrome in the circuit. The power or batteries and resistor-value need to be adjusted so that the arm neither accelerates wildly nor runs so slowly that the arm-swing time is too long.

Switch on the rotor motor. With centrifugal force, the washer or bead will fly outward and catch on the winding pole, rotating until it is completely wrapped around it. Then the string will unwind, releasing itself from the pole so that the rotor stick can swing around again.

The beauty of the String Thing is not simply that the string wraps itself around the pole neatly, performing a spiral, but that it then reverses and unwraps itself so neatly, apparently losing relatively little energy, and that the whole action is precise.

If your base-plate is big enough, why not try adding a second rod for the string to wrap around? What will the period of the complete system be now? Will the rotor arm motor need more power to get up to the speed necessary for the winding action?

[image: Image]

How It Works: The Science and the Math behind the String Thing

You can get a rough idea of the period of the String Thing by simply assuming that the pendulum swings at a constant speed, and that its period is simply twice the time taken to wind up all the string at that speed.

The rotation time for a conical pendulum ([image: image]) is given by:

[image: image] ~ 2π [image: Image](l / g),

where l is the length of the pendulum and g is gravity. Is this formula familiar? It should be, for it is the same as that for a standard pendulum. The period of a conical pendulum is given by the same math as that of the standard to-and-fro pendulum.

But what we have here is a pendulum whose length shrinks roughly linearly with time as the string wraps around the post. The formula above, however, only works accurately for a small amplitude—with the string at small angles to the vertical—but it works roughly for large amplitudes as well. If we now add to the formula a length that shortens with time, then we have l = L –2 π K D. t/T, in which L is the string length at the start. In other words the pendulum shortens by one circumference 2 π D of the pole as time (t) increases by an interval T. K is a geometrical factor that allows for the fact that we wind the string in a helix, not in a circle. The angle of the helix is just the same as the pendulum. So if we assume 30 degrees for this, we get a K value of 1/sin(30) = 2.

When we plot the swinging of the shortening pendulum on a spreadsheet, what we get is something like the graph on the next page. This ought to be a pretty good model of the real pendulum, although it makes quite a few assumptions, including the assumption that the pendulum will keep a constant (here 30 degree) angle to the vertical. From this spreadsheet simulation, we can estimate roughly the overall period (the winding up and then the unwinding) that we would get from a particular length of String Thing, with a particular diameter of rod. With an 8 mm rod and a 500 mm string, for example, we could expect a period of 13 seconds.

This is not the whole story, however: the time taken for the arm to swing around must be added to this time. The String Thing is probably most accurate when the rotor swing time is fairly short compared to the winding/unwinding time. If the rotor swings too quickly, however, then the winding/unwinding process may become less orderly, and less predictable. There is an element of self-correction in the String Thing’s power regulation. At slightly lower power levels, the rotor arm takes longer to swing, but the winding up of the string is less complete, reducing the time taken for winding/unwinding. Do these two effects ever compensate each other at all accurately, however?

[image: Image]

And Finally . . .

You could try using even more rods. A four-rod clock we tried seemed to work nicely. However, it was difficult to get enough space around the rods to allow the winding process to take place without any danger of a tangle. Would there be any way to set up a twelve-rod clock? If you also contrive an ultra-long winding/unwinding time—say, five minutes—then you could make a string thing clock mimick the minute-hand of a conventional dial clock, albeit one where the minute hand moved in units of 5 minutes.

“The String Thing” lends itself to the making of a complete clock. The reasonably low level of power, and the slow cycle of the action, means that a simple pawl assembly or a gearwheel could be used to transfer the motion of the rotor arm to the hands of a clock dial. There would still be the problem of how to make the clock keep some kind of steady time, however. The key is obviously a constant time for the weight moving between rods, which would mean a constant accelerating torque, which could probably be most simply supplied by means of a descending weight, or, as on page 276, an electric motor.

Perhaps a simpler way to engineer a clock display of some sort is to use a pulse from a small microswitch with an electronic display. There is a description of how to make both an electric-clock display dial and an electronic display based on a calculator in “The Sloshulator” (later in “Cloxotica”). If the friction engendered by the microswitch actuation is a problem, an elegant low-friction solution would be a Hall-effect or reed-relay switch operated by a small permanent magnet mounted on the rotor.
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One type of early String Thing.





4. EDDY THE CONICLOCK—A SPINNING DISK POWERS A CONICAL PENDULUM



When young Galileo, then a student at Pisa, noticed . . . a chandelier swinging backwards and forwards, and convinced himself, by counting his pulse, that the duration of the oscillations was independent of the arc through which it moved, who could know that this discovery would eventually put it in our power, by means of the pendulum, to attain an accuracy in the measurement of time till then deemed impossible, and would enable the storm-tossed seaman in the most distant oceans to determine in what degree of longitude he was sailing?

Hermann von Helmholtz
Edmund Atkinson (trans.), Popular Lectures
on Scientific Subjects: First Series (1883), 29

An eddy current is a current in a plate of metal induced by the motion of a magnetic field across it. Once you have induced such a current, the current produces yet another magnetic field, just like a current flowing around a regular wire circuit in a solenoid electromagnet, for example. Then, what you have, in effect, is two magnetic fields—two magnets—acting on each other and producing a force. This force behaves like a drag force, a force that increases with speed and slows down the movement. Here we use the drag force generated by eddy currents to excite a conical pendulum into motion.

What You Need


Two 1.5 V or 3 V electric motors

A thin aluminum sheet; e.g., printers’ lithoplate, enough to make a CD-sized (125mm/5") circle

Thin flexible strapping tape or solid nylon fishing line

Batteries (1.2 V NiCd) and battery boxes

Two gearwheels

An axle

A clock face

A clock hand

Resistance wire (28 SWG Nichrome)

A powerful magnet; e.g., the NdFeB (Neodymium-Iron-Boron) type

Wood, glue, etc.

A clamp stand

String, glue, wires, etc.



What You Do

The principle of the Coniclock is that a pendulum following a circular path, its string forming a cone shape as it turns through the air, will orbit in a time which, at small angles from the vertical, is a constant depending only on the length of the pendulum.

The pendulum must not swing out too far: you can swing a pendulum around in a flat circle, with the string horizontal, as fast as you like. But as fast as you like wouldn’t be a sound basis for a clock. To work as a tool for accurate timekeeping, the conical pendulum must not swing out more than 20 degrees to the vertical. This can be achieved by providing power to the pendulum only when it is swinging at the correct angle or a little less.

The upper motor must be adjusted to provide less than the necessary drive to keep the pendulum going. The additional power will come from the spinning of the aluminum disc (see diagram on the next page). The magnet on the end of the pendulum will cause eddy currents to flow in the disc as it spins, and these currents will generate a magnetic field opposing the motion of the magnet, providing an electromagnetic drag.*

[image: Image]

You can just use a string for the pendulum. Glue the string onto the top motor, and allow the glue to run along the first few centimeters of the string. The resulting rigidity of the string at the top, near the attachment to the bearing, should be sufficient to achieve positive rotation of the clock-top bearing. This arrangement can be improved by using two strings—ideally nylon fishing line or something of that kind—spaced apart 5 mm (1/4") or so. Better still is a tape suspension, which provides a more positive force to make the bearing rotate, even at small pendulum-cone angles. The tape you need must have some qualities of rigidity—rather more than a piece of ordinary tape like electrical insulation tape or Scotch tape has. I found that the very smallest and most lightweight of parcel strapping tapes did the job nicely.

Adjust the pendulum so that it swings as close as possible to the spinning disk. No more than a millimeter should separate them when the pendulum is hanging vertically, so that the larger clearance when the pendulum is swinging wide will not be too much.

Start up the clock, applying current to the top motor, and then spin up the lower disk, holding the pendulum off to one side and then giving a sideways impulse to get it going. With luck, the pendulum will continue to revolve. With high power applied, the pendulum will gradually increase in its cone angle, probably stopping when the pendulum gets near the edge of the disk (see diagram on the facing page). Try adjusting the power to the upper and lower motors, timing the pendulum revolutions. How much does the disk speed affect the pendulum’s rpm? Measure the pendulum angle from vertical: does it vary with the disk speed and the pendulum rpm?

The dial for the clock here could be a simple gearwheel train meshing with the upper drive motor. Care must be taken to minimize friction in the dial train. This will enable the power to the upper drive motor to be minimized, making it easier for the relatively feeble drive from the lower spinning disc to dominate the power to the pendulum, assuring the correct amplitude of swing. Alternatively, you could install a reed switch or semiconductor Hall Effect switch that is switched on and off by a small magnet glued somewhere on the upper drive. This switch operates a calculator display via wiring to the = sign, as with “The Sloshulator” (later in “Cloxotica”). With the calculator suitably programmed (e.g., with 1 + 1), it will keep digital time.

The Surprising Parts

You may be surprised at how powerful eddy-current drag forces can be, even with very small magnets. Once the motor is rotating the aluminum disc at full speed, the pendulum will pick up velocity and begin to rotate at its natural conical pendulum frequency in a matter of a seconds. Gradually the pendulum will increase its amplitude, until the magnet is running close to the edge of the aluminum plate, and is, because of the arc through which it swings, beginning to move further away from the plate. This increase of distance, and the approaching disc edge mean that the pendulum will fly out no further, but will circle steadily.

A pendulum that is free to move in two planes generally becomes neither a conical nor a regular pendulum, but will tend instead to orbit in an elliptical, conical motion. You may also be surprised at how quickly the pendulum settles down to conical motion, and with a fairly precise rotation period.

How It Works: The Science behind Eddy-Drive Conical Pendulum Clocks

As we noted already in “The String Thing” (earlier in “Cloxotica”), the period of a conical pendulum is identical to that of a pendulum swinging in a plane. You can think of it as simply two motions of a pendulum independent of each other in planes at right angles. Look at a pendulum from the side. Set it swinging in a plane at right angles to your line of sight, and then set it swinging in a cone: it will look identical in both cases. So it is not unexpected that the period of swing is the same.

The drag force (F) caused by the rotating aluminum disk on the pendulum is proportional to the velocity of the disk (v), the square of the magnetic field (B) of the magnet and inversely proportional to the resistivity of disk material ([image: image]):

F = v B2 V / [image: image].

This means that if you spin the disk faster, you get a bigger force—which is probably what you saw in testing the clock. And of course, if you make the disk out of balsa wood instead of aluminum—with a value of [image: image] that is practically infinite—you don’t get any force at all. A more serious alternative might be a steel disk—but as the resistivity of iron is 10 times more than that of aluminum, the force will much lower. Worse still, the steel disk will be attracted to the magnet, creating an additional problem. A copper sheet would be a better choice. You can increase B by using a more powerful magnet like NdFeB instead of steel, for example.

There is an additional volume factor (V), which is the volume of the disk affected by the B-field of the magnet. This cannot be easily estimated but can be taken to be proportional to the thickness of the disk and the diameter of the magnet, and is bigger the closer the magnet is to the disk. But again, the volume factor could be increased by simply increasing the thickness of the disk, or by using two disks on top of one another.

And Finally . . .

Cutting the drive to the upper motor will allow you to see more easily the elliptical swing motions that the conical pendulum is capable of making. What would happen if you changed the shape of the aluminum disk to a ring or a bowl? How would that affect the start up and running of the coniclock? And what about the position of the spinning disk: could you mount the pendulum support point to one side of the axis of the disk and still get the clock to run?

* There is a simple but impressive demonstration of electromagnetic drag that goes as follows: simply drop a NdFeB magnet down a copper tube that is a loose fit around the magnet. You will be surprised at how slowly it falls, particularly if you take a non-magnetic piece of metal and drop it down the tube for comparison.



5. THE HUMMING CLOCK—RECYCLE UNWANTED MAINS HUM TO RUN YOUR CLOCK



It is truth universally acknowledged that an amplifier in possession of a good gain factor must be in want of mains hum.

Neil A. Downie (with apologies to Jane Austen)

A while back I had the idea of picking up whistlers—extra/very low frequency (ELF or VLF) waves. Caused by pulsed electrical effects like lightning, these natural VLF radio signals are due to the propagation of waves between the ionosphere and the earth. The ionosphere is the charged, conductive layer above the stratosphere. Pulses of energy propagate at different speeds depending upon their frequency, giving rise to the typical shifting frequency of the whistle sounds. Using earphones on a simple audio amplifier connected to a long wire, you can hear these frequency whistles taking a second or two to rise and then fade, at frequencies from a few hundred Hertz upward. However, when I’d finishing making the kit, I soon discovered that it picked up an awful lot of buzzing from the power line pick-up or mains hum at 50 or 60 Hz—and not much whistling.

I had a trip scheduled to a remote island in the Orkneys, off northern Scotland, and I decided that this would be a good place to pick up whistlers. I got up before dawn—the best time for whistlers—in a pouring, freezing cold rain, laid out a huge antenna, and huddled up behind a stone wall with an amplifier, a tape recorder, and a pair of headphones. Even on this expedition to the Orkneys, with more sheep and seagulls than power cables nearby, there was still a lot of buzzing. But could this annoying buzzing be useful for something?

At 60 Hz in the US, 50 Hz in Europe, and at many harmonic frequencies of these, the air around us is filled with alternating magnetic fields. These fields are present only to a miniscule level to be sure, but they are present nonetheless. This may not surprise anyone who has tried to connect audio equipment and found loud buzzing or humming sounds in the system. It is perhaps more surprising that this power frequency is not confined to your house, but is in fact almost ubiquitous. It is just as strong out in the street and can be picked up very easily even a long way out of town.

Up until relatively recently it was possible to purchase a clock that, in most Western countries, would keep good time using nothing more complicated than a synchronous electric motor. These incredibly simple timepieces depended (and continue to depend—there are millions still in use) on the electric power companies supplying alternating current at a constant frequency. The principle was also used in early (1970s) digital clocks, which simply counted the number of AC cycles, dividing by 50 or 60 for seconds, by 60 for minutes, and so forth, using feedback around binary counters (see below). Synchronous motors are still employed in the simple electromechanical time switches that are used to turn household and industrial appliances off once or twice every 24 hours.* In many areas the actual number of cycles per day is also controlled, so that if power generation circumstances change and force a slight shift in frequency at one point in the day, the power company will shift in the opposite direction at some later time to compensate. In this way, the many time switches connected to the power network will not be upset in any significant way.

What You Need

For AC Field Monitoring

An amplifier with earphones to match its output

A battery pack

Ferrite and a coil

For Clock Display

Transistors

Resistors, etc.

A binary divider (4040 CMOS chips)

Decade counters (4017 or 4510 CMOS chips)

A circuit board

Analog clock mechanics

What You Do

Just to see what would happen, I carried a portable audio amplifier (a practice amp) hooked up to earphones around with me, powered by batteries. Its input was connected to a coil, 100 turns of thin copper wire wrapped around a piece of 6 mm (1/4") thick and 75 mm (3") square piece of ferrite, a magnetic material that helps to increase the signal by focusing more magnetic field lines through the coil. You could just take the ferrite, and maybe the coil too, from a TV or a CRT tube—that would work nicely, too. In order to pick up the weaker out-of-town signals, I added a very simple audio booster.

One curious thing you will discover is that there is not just a 50 Hz or 60 Hz signal: there are lots of harmonics too. Look at the signal on an oscilloscope and, instead of a smooth sine wave, you will likely see a jagged set of peaks repeating at the basic power-line frequency. Such a jagged waveform is actually the sum of lots of sine waves at different frequencies, which are integer multiples of the basic frequency: the harmonics. To be sure, the wave you find will typically be dominated by the basic 50 or 60 Hz, but it will contain lots of component pieces of harmonics at twice the fundamental frequency, four times, and so on.

[image: Image]

The harmonic you pick up in my district seems to increase with distance from the town. The dominant audible sound around the house registered at 100 Hz; this changed to 200 Hz, and then to 400 Hz more than half a mile or so from the nearest habitation. But even a couple of miles or so from any possible source of electricity—which is about as far into the wilderness you can get in my area, I could still pick up a 400 Hz harmonic. I could also hear passing cars a few tens of yards away at kHz frequencies, presumably produced by the ignition or alternator circuits, as well as various other pulses and buzzes from time to time. The piece of ferrite showed a strong orientation effect: apparently, the magnetic field is typically strongest in the horizontal direction. It will often show two nulls at 180 degrees to each other, as might be expected for a simple uniform alternating field. If you have access to a battery-powered oscilloscope, you might be able do some more sophisticated measurements out in the field, checking more accurately how the harmonics of the mains hum changes as you go further from homes and power lines.

In this project, you could choose to use whichever harmonic seems to be appropriate to connect up your clock circuits. With the aid of a selectable binary divider you could in fact choose as you are tuning the device. However, bear in mind that the human ear picks up 100 Hz better than 50 Hz, and 200 Hz even better, so the audible sound can give a biased impression of the strength of the harmonics. Perhaps the easiest option, however, is to amplify considerably, and filter around 50 Hz, or possibly 100 Hz. With luck you will be able to get a suitable filtering effect using the amplifier tone controls.

You will need to adjust the amplifier gain with the volume control, although it should not matter much if the gain is too high, as the output to the counter circuits is needed as a digital input (on or off) anyway. Then there is a binary divider, followed by a divide-by-100 circuit, based on two 4510 decade counters in series. This divide-by-200 combination will give seconds, and should be followed by a transistor to drive the analog clock display. The other counters on the input can be used to divide by 2/4/8, by selecting which wires lead to the output. In this way you should be able use the higher harmonics. I have indicated a separate 1.5 V battery for the clock display, so that the current pulse every second does not disturb the preamplifier and the counters.

How It Works: The Science behind Humming Clocks

French mathematician Joseph Fourier proved that a waveform of any shape whatsoever can be represented by a set of sine waves of suitable phase and amplitude at harmonic frequencies. You can easily see that this is reasonable by simply adding up a bunch of sinewaves using a spreadsheet.

Why does mains hum contain harmonics? Surely mains equipment is designed to use just the smooth sine wave fundamental at 50 or 60 Hz? That is in fact the case, and many kinds of equipment—resistive heaters, for example—really do operate at that fundamental frequency. But there are many imperfections—nonlinearities—in the equipment used. Transformers, for example, add a series of harmonic frequencies to the mix, because they are nonlinear: the magnetic field in the iron inside them created by the mains current is not precisely proportional to the current. Electric motors similarly utilize magnetic fields in iron and are not linear. And AC-DC converters—such as the power supply of the computer that I am using to write these words—introduce diodes, which only conduct in one direction, and even then not linearly like a resistor: they can add a lot of harmonics.

Another question: Why does the dominant frequency of hum change with distance from the house? The simplest answer is probably to suggest that the higher frequency hum is radiated as a radio signal more than the lower frequency hum. But this must be wrong. The wavelength of a 100 Hz hum frequency is enormous—3000 km. So the fields a couple of miles from your house are still going to be well within the transmitter antenna. As a result, concepts like the radiation of power just don’t mean much—we are operating in what electronic engineers call the near field, as opposed to the far field, where radio waves behave just like light beams and concepts like radiation work well.

A more sophisticated answer might be that the alternating magnetic field induces circulating currents in the earth, and that this causes the transmitted wave to be attenuated. This answer is must be wrong as well, because it would forecast that the higher frequencies, which induce higher currents than the lower frequencies, would attenuate more rapidly, which is just the opposite of what I saw in my tests.

A still more ingenious answer points to the large degree of cancellation of the field at 50 Hz. At very low frequencies, the magnetic field radiated by one bit of mains circuit will be almost exactly cancelled by the magnetic field from another bit, and as you go further and further away, this cancellation gets better and better. The twisted pair cable still widely used by telecommunications companies for data transmission over intermediate distances is an example of engineering that uses this effect. There is nothing to stop the signal from getting out of a twisted pair: there is no Faraday cage—a cylinder of copper that provides electrical screening—as used in coaxial cabling. Instead, the twisted pair cable relies on the fact that one twist will radiate a magnetic field with North up, and the next twist will give South up, and so on, at regular intervals down the cable. Go up close, less than the twist distance of 12 mm (1/2") or so, to the cable with a magnetic loop connected to an oscilloscope, and you can will this field blipping on and off with the signal current flowing inside the cable. But move your magnetic loop just a few centimeters away and the North blips from one twist will be almost exactly cancelled by the South blips from the next twist. And as you move still further away the precision of the cancellation improves until the cables work perfectly well: they don’t emit any interference signals of any consequence.

The twisted pair effect, the cancellation effect, is less successful at higher frequencies. Why? Because the cancellation would only be perfect if the speed of light (and of radio waves and magnetic fields) was infinite. For two points of wiring 3000 m apart emitting cancelling signals, the closer signal will get through briefly: the cancellation from the farther emitter won’t happen until 1 microsecond later. So a signal that actually reverses in 1 microsecond (a 1 MHz signal) will get through almost unscathed, while a signal that reverses in 20 milliseconds (at 50 Hz) will be attenuated to the extent of 20 milliseconds/1 microsecond, or 20,000-fold.

There are other effects, such as that of the receiver antenna’s impedance: the receiver coil basically short circuits the signal induced in it. The higher frequency signals aren’t short circuited because the impedance (Z) due to the self-inductance, the L value of the coil, is higher at higher frequencies. Put a current (i) into a higher resistance (R) and you get a higher voltage. This is just Ohm’s Law.

The same thing happens here with the impedance factor (Z) of the coil. Its impedance (Z), which acts like resistance in our Ohm’s Law above, is given by:

Z = 2 πf L

where [image: image] is the frequency we are looking at, and L is the self-inductance (given by the size and number of turns of the coil). As you go to higher frequencies, the Z becomes larger, so the voltages are larger and dominate the output. This effect does not vary with distance from the mains circuit, but it does explain why the higher frequency components of the signal are present in abundance, even though mains equipment is supposed to work only with the fundamental 50 Hz frequency.

And Finally . . .

A clock could be connected to a microphone tuned to 100 Hz or some other hum harmonic. Direct acoustic pick-up in this way will work near houses, although there will be many other relatively loud background sources, like air conditioning pumps, fans, and the like.** What about a visible light mains pick-up for a hum clock? At least at night, when most light comes from artificial sources like sodium discharge street lamps connected to the AC power line, it ought to be easy to detect and use the hum frequencies. The most powerful hum will be 100/120 Hz, since the discharge lamps are usually symmetrical in their construction, conducting equally in both directions. Train a telescope on a set of streetlamps a few hundred meters away, for example, and focus the image onto a small photodiode or phototransistor, and you ought to be able to record the mains’ 100 or 120 Hz signal with all its harmonics and then look at that waveform with an oscilloscope. Is the waveform good enough that you can run your clock from it?
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Lots of great advice on stopping mains-hum interference, and hence, by inverting the authors’ logic, some great tips on amplifying it!



* A while back many of these clocks didn’t seem to be aware of the Arrow of Time: early versions of these synchronous motors ran in either a clockwise or anti-clockwise direction. The user had to switch the motor on, then check that the motor was running in the desired direction, then switch off and on again until the motor started forwards.

** Richard Nixon’s famously doctored Watergate tapes included electrical buzz and hum from mains, fans, and various other sources. Deletions on magnetic tapes and other audio recordings disrupt the regular waveforms of the background sounds, and these distortions can be used to detect undisclosed editing.



6. AN HOURGLASS WALLAH—THE SANDS OF TIME UPDATED



The hourglass, with its two peak-shaped glass bulbs, was once a familiar sight . . . and one distant descendant of the ancient desert sand clocks is still in use—the egg-timer. There is a story I (was) told 30 years ago of a very grim Lancashire widow, who, when asked what she intended to do with her husbands’ ashes, replied that she was having them put into an egg-timer. “Lazy beggar would never work when he was alive,” she added. “He can do summat now he’s dead.”

J. B. Priestley, Man and Time

The hourglass principle is now relegated to history, to providing souvenir makers with employment, and to timing boiled eggs. In the past, however, this simple, inexpensive, and relatively accurate device was widely used. The hourglass is a sealed unit, unaffected by rain or sun. It is also more-or-less insensitive to heat, unlike a water clock in which the viscosity and density of the operating medium varies with temperature. The glass walls of hourglasses, by contrast, have only tiny coefficient of expansion, as have the marble and quartzite sand particles inside them. With such a good basic timekeeper, it seems a shame that there are no continously running clocks based on this principle. If we set our minds to it, perhaps we can supply the missing parts to complete such a timepiece.

In this experiment, we will use a motor to turn over an hourglass automatically when a light beam and a photodiode sense when the sand has gone below a certain level in the upper chamber. Conveniently, when the light beam to the sensor is interrupted it stops the motor, which results in the motor stopping after half a turn each time the hourglass runs below the sensor beam.


HOURGLASSES AND SANDGLASSES

“Sandglasses” is probably the most accurate technical name for these devices, although they often do not use sand. In fact, the filling used in the heyday of sandglasses was actually tiny marble chips. Marble had two rather neat, though subtle advantages: the elimination of very small particles, and the generation of particles of sand that were near spherical. Marble grindings were boiled in a weak acid like vinegar, which had the effect of completely dissolving very small particles of marble and also reduced the sharp corners on the larger pieces. Although the method did generate some more small particles (from intermediate-size pieces), there would be far fewer of these than in the original grindings.

Although the most common sandglasses probably ran for a relatively short time—a half-hourglass was quite standard, there were also 1 hour and even 12 hour sandglasses—they are often referred to as hourglasses.



What You Need


An egg-timer

A reduction transmission with a 3 V motor (e.g., from a broken toy) that gives roughly 30 rpm

Batteries and a battery box

2 transistors

1 power transistor

An IRED

A black photodiode; i.e., with a filter to remove visible light

Resistors, a circuit board, etc.

A threaded rod

A piece of plastic ruler

A heavy washer

Wood, glue, etc.



What You Do

For the hourglass at the heart of my machine, I used a two-lobe egg-timer designed to give about 3 minutes per half turn. I checked its accuracy, which was pretty good, typically off by less than 3 seconds. The hourglass turns on the output shaft of the motor transmission box, having been stuck there with the aid of some hot-melt glue. I found that 3 rechargeable batteries of 1.2 V were sufficient to run the clock.

[image: Image]

The Hourglass Wallah motor is activated when an infrared beam, generated by an infrared emitting diode (IRED, the invisible equivalent of the LED), reaches the photodiode. The photodiode is encapsulated in black plastic—actually, if you look closely, an exceedingly dark shade of red plastic—that lets the IR through, but almost totally excludes visible light. You must ensure that both the photodiode and the IRED are positioned as close as possible to the arc through which the lobes of the egg-timer will swing, without touching them. You also need to find the most sensitive part of the photodiode, normally the smooth larger side opposite the printing, and aim the IRED carefully at it.

The use of the photosensor means that the hourglass is turned over before it has quite finished running out. The exact moment at which it turns depends upon the random detail of how the myriad grains of sand actually stack up on each turn. A plot of hourglass time versus time on an accurate quartz clock is illuminating. It is surprising how little inaccuracy this random element adds to the instrument over a period of time in which ten or more successive periods are averaged.

The circuit will be affected by high levels of infrared, the infrared from a powerful filament lamp or from sunlight, for example. However, move out of direct sunlight and more than a foot or two (30–60 cm) from a reading lamp, and the clock should run smoothly.

Probably the easiest circuit to use is three inverting transistor amplifiers DC-coupled together. When current flows through the photodiode, it switches Tr1 on, switching Tr2 off, which allows Tr3 to switch on, activating the motor. The transistors are partly current amplifiers, successively boosting the tiny high impedance output of the photodiode to levels where it is adequate to operate the electric motor. The collector (load) resistor of Tr3 is the lowest of all, being just the 2 or 3 ohms of the motor. The load resistor of Tr2 can be much larger, reflecting the fact that the gain factor of Tr3 will be enough to boost the current sufficiently to operate the motor on an amp or two. Finally, the load resistor of Tr1 is even higher. The 100 ohm resistor determines the current through the IRED.

The recorder that tracks the Hourglass Wallah’s progress through the Fourth Dimension is made from a threaded rod attached to the transmission axle with a short piece of flexible tubing, on which rides an indicator wire held in place by the weight of a washer. The wire is just solid a copper wire with a diameter just a little less than the pitch of the threaded rod. It is wrapped around the rod one turn and then shaped into a hook that holds the washer. The latter indicates the time by its position relative to the piece of ruler, which has a piece of white paper stuck to its back. The wire should be wrapped neatly around the rod, but then slackened off so that by lifting it slightly you can easily slide it back to the start to reset it.

Once you have the clock running, test it out. See if it will work in sunlight or near a lamp. Check out whether each lobe drains in the same time interval. I mounted the egg-timer in my version very slightly off axis, so I was not too surprised to see that the timing for each lobe varied slightly. Adjusting the height of the beam relative to the axis adjusts the turnover time, and hence, the clock speed.

Another feature of the clock is that, just as the beam begins to penetrate through the top lobe of the egg-timer, the motor first activates and moves the lobe minutely, blocking the beam again and perhaps also shaking the sand slightly, and then it stops again. This action can be repeated several times per second, producing a second or two of shuddering before the clock rotations continue.

As the batteries run down, the motor will begin to run more slowly. You will also notice that the hourglass does not always start turning over smoothly and then stop. Often there are a number hesitations and false starts. The slow speed of operation of the motor may also give rise to a curious failure mode. With a slow motor, the upward-going lobe of the Hourglass Wallah will break the beam not via the sand inside, but by channeling the infrared beam away from the photodiode, somewhat in the manner of an optical fiber. The IR beam from the IRED goes into the walls of the lobe and emerges in a broad brush rather than as a spot on the sensor, and thus switches the motor off. Our Hourglass Wallah has gone to sleep! The sand will run out, the beam oblivious to its draining, and the motor will remain off permanently.

If you run the Hourglass Wallah from a mains power supply rather than batteries, you will be able to investigate the longer-term properties of the clock. Does the glass orifice wear, becoming wider and shortening the period? Do the sand grains slowly undergo barreling, the process whereby a large number of objects churning around together tend to abrade each other so that, slowly, they all become more rounded? This is the industrial process often used to remove flash from molded parts. It is even used for deflashing rubber parts, the rubber being cooled to cryogenic temperatures with liquid nitrogen to render it brittle enough to abrade.

With slightly smaller, rounder grains, the clock ought to run faster, but what will be the effect of the fine, flour-like wear particles? Will they cause slowing, or, eventually, clogging, of the clock? None of these effects can occur at all rapidly, since if they did hourglasses would not have been so widely used in centuries gone by.

You may notice, depending upon the type of sand in the hourglass, that some sand adheres to the side of the glass when the clock is running continuously. In my egg-timer device, the adhering sand particles are much smaller than the average-size particles. They are what we call fines, and their sticking to the glass is probably due to electrostatic forces. The rubbing together of the sand grains, which are quartz and hence good insulators, causes electrostatic charges to accumulate. The glowing of certain quartz stones when they are rubbed together is due to electrostatic discharge. And, of course, the piezoelectric effect of quartz is responsible for the function of quartz as an oscillator in quartz clocks.

How It Works: The Science and the Math behind the Hourglass Wallah

Gravity must affect an hourglass, since clearly it will slow to zero in the absence of any gravity. If you like, you can check the equation’s gravity dependence by swinging an hourglass around your head rapidly but steadily on a piece of string: you will find that it runs faster, unless you get exhausted before you’ve swung it around long enough! You need to measure string-length (L) and rotation-rate (R) in revs per second to obtain the acceleration, which will be 4 π2R2L.

Clearly, with a bigger hole, you would get more flow, so the diameter must come into the equation somehow. The sand size only affects things slightly, provided it is fairly small compared to the orifice. Try pouring a few different particulates through a kitchen funnel and you will get a feel for this. If you choose something really fine, like flour, you will find that the flow just stops—the flour sticks together and clogs.

The period of a sandtimer is not much affected by temperature, nor is it much affected by the height of the sand above the orifice. In fact the drainage of sand through the hole is governed simply by the sand-particle size and orifice size, according to the following law:

Q ~ [image: Image](g ρ De5),

where Q is the sand flow, g is gravity, ρ is the density of the sand particles and De is the effective diameter of the orifice through which the sand is flowing. De, in similar particulate flow situations, is sometimes taken to be the diameter measured Do, less 1.5 × the diameter Ds of the sand particles used; i.e., De = Do – 1.5 Ds. So, if you make the orifice of the sandglass twice as big, you will get a sand flow which is 22.5 or nearly 6 times larger.

You may wonder why the height of sand above the orifice does not affect the rate of flow. This is because the sand jams up in a column above the orifice. You can actually see arches of sand if you look carefully into a clear-walled version of an hourglass that has been flattened so that it is two-dimensional.

Notice now how the sand runs out of the upper lobe. The sand flows into a slight conical depression in the middle of the top surface, then falls through the orifice and forms a little volcano shape in the lower lobe, a conical heap with a tiny caldera depression in its top where the sand is actually landing.

The maximum angle at which a pile of loose grains can sit is called the angle of repose. This determines the cone angle of the volcano. The shape of the cone does not of itself determine the timing of the clock, since the beam crosses the draining lobe, not the filling lobe. However, the angle of repose of the sand enters into the design of the cone angle of the lobes of the sandglass.

You can easily demonstrate the reason why the Hourglass Wallah fails when its motor runs slowly. Take a laser pointer and aim it horizontally through the hourglass held vertically, and observe the spot it makes on a paper screen. Aimed through the center, the light spot from the pointer will be only a little wider than it is in air. Now scan the beam from the center toward the edge. As you get within about 3 millimeters of the edge, you will find that the spot begins to broaden rapidly. This obviously has the potential to cause trouble—which you may have seen if you ran the Hourglass Wallah too slowly, as we discussed above.

And Finally . . .

The Yearglass

How could you make a version of the Hourglass that would run for an entire year? Well, you could of course simply use an enormous industrial hopper for the sand. With 100 g of sand flowing through in 30 minutes, 5 kg of sand would flow through every day, a ton and a half over the course of a year. Such an hourglass could only be turned over with the aid of a seriously large motor, however. The famous hourglass in Budapest, Hungary might give you ideas for your design.*

Could you make gravity smaller? A tall order, but not quite as impossible as it sounds. By choosing a sand of density ρ and replacing the air in the glass with a liquid of high density (0.9ρ)—perhaps water with a heavy salt like BaCl2 dissolved in it—you would reduce the effective gravity acting on the sand to a tenth of standard Earth gravity. Or maybe start with a low density sand like tiny plastic beads, with a density that closely matches that of water. Such sand-in-liquid hourglasses are made—I have one on my bookshelf—and they make a rather nice executive toys. However, the hourglass formula shows that as timepieces they don’t have as great an advantage as you might think, because the timing period of a sandglass depends only on the square root of g. Maybe you could more closely match the density of the sand and the liquid. If you reduced g even more, to just 0.098 m s-1, 1 percent of its normal value, then the hourglass would run ten times longer than usual; i.e., 5 hours. That would reduce the industrial hopper of your year-glass to a much handier 150 kg (300 lb), still a tad on the heavy side.

The Vortex Hourglass

Why not try an aquatic version of the hourglass? Two small clear soda bottles can be joined by their caps to form the two lobes of an hourglass. The popular science toy known as the vortex tube can help here.** It comes with two female screw threads in a short 1" diameter cylinder, the threads matching a soda bottle’s male thread, with a small hole in the middle of the cylinder that allows water to drain between the two joined bottles. If you color the water with ink, it will serve more-or-less as the sand does.

There may be a problem with the transfer of water from one lobe to the other, however. The necessarily small orifice between the two lobes tends not to let water through; but if you make the hole larger, it will tend to glug in an unpredictable way. I found that installing two tubes to serve instead of the orifice can provide a predictable smooth flow and a consistent flow time. Each tube should go from the base of one bottle through into the neck of the other. An alternative might be to provide a swirl plate to ensure that the water inside the hourglass rotates as it tips, causing it to form a vortex transfer from one lobe to the other—much like the vortex toy with the addition of the plate to initiate the swirling motion. A water-driven hourglass clock could more easily be scaled up, using larger 3 liter-size soda bottles.
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** In gas engineering, the term “vortex tube” is reserved for a curious device that uses vortex motion inside a tube to convert compressed air at room temperature into copious amounts of hot air and a substantial fraction of very cold air. You might imagine achieving such an objective by powering a refrigerator compressor using a compressed air motor instead of electricity. However, the vortex tube is a very small no-moving-parts device, hundreds of times smaller than even a small hotel-room icebox. It seems impossible that it will behave like a refrigerator, but it does.



7. THE KNIFE-THROUGH BUTTER CLOCK—MELTING TIME



Here you see a piece of that very curious substance taken out of some of the bogs in Ireland, called ‘candle-wood’, a hard, strong, excellent wood, evidently fitted for good work as a resister of force, and yet withal burning so well that where it is found they make splinters of it, and torches, since it burns like a candle, and gives a very good light indeed. And in this wood we have one of the most beautiful illustrations of the general nature of a candle that I can possibly give. The fuel provided, the means of bringing that fuel to the place of chemical action, the regular and gradual supply of air to that place of action—heat and light—all produced by a little piece of wood of this kind, forming, in fact, a natural candle.

Michael Faraday, The Chemical History Of A Candle

“Like a hot knife through butter,” someone once casually remarked to me, describing the efficiency of a new diamond-sawing machine. “A hot knife through butter?” I thought. “That isn’t quite right. Surely just ‘a knife through butter’ is the ordinary expression and does the job.” But a thought had been planted, and slowly it began to germinate.

A few days later, a book landed on my desk all about laser cutting, a process that uses a multi-kilowatt infrared laser (a laser that is roughly a million times more powerful than a laser pointer), along with a blast of high-pressure pure oxygen, to cut steel. The author, John Powell, then invited me to see the process at work in his factory. The cut rate of the steel was limited by the power of the laser and by the amount of heat produced by the reaction of the steel with oxygen gas. The burning steel produces a magnificent pyrotechnic effect, by the way, great showers of sparks. Industrially, the thermal cutting of metals (even steel) is more typically done by means of an oxy-fuel flame. The heat of a flame like oxygen-acetylene along with a blast of oxygen cuts the steel. Laser cutting of materials other than metals is sometimes done as well, although hot-wire cutting is perhaps more common. Hot-wire cutting, or the similar hot-knife cutting, can only be used on materials with comparatively low melting points, which includes a surprisingly large range of plastics, plastic foams, cloth, and many other materials.

A hot knife, a laser, an oxy-acetylene torch, a hot wire: all cut at a rate that depends upon the supply of heat. With more heat, the cut rate goes up, with less it goes down. A hot knife is an industrial device of course, not the kind of thing you’re likely to have in your toolbox back home. Hot wires, on the other hand, are fairly easy to come by—but would a hot wire cut at a steady rate, limited by the power supplied, like a hot knife? And could we use a candle—a perennial favorite in science experiments since the days of Faraday—rather than butter? Candle wax has a melting point that is (conveniently) well above ambient, but still not particularly hot (typically 60–70°C). If the hot wire did cut at a steady rate through the candle, wouldn’t that be a kind of clock? Well, maybe . . .

What You Need


For the Linear Knife-through-Butter-Clock

A wax candle

Tubing, to fit loosely over the candle

Resistance wire; e.g., 0.38 mm (28 SWG, 26/27 AWG) NiCr

A rechargeable battery or power supply

Alligator clips

A voltmeter or a multimeter is also helpful

 

For the Rotary Knife-through-Butter-Clock

A wax tealight candle

Resistance wire, e.g., 28 SWG NiCr

A rechargeable battery or power supply

Alligator clips

A pulley; e.g., from a Meccano or Erector Set

A vertical shaft

A small pulley, or simply a smooth shaft

String

Modeling-clay weights



What You Do

Knife-through-butter clocks can be constructed in a both a rotary and a linear arrangement, but both systems rely on a drive mechanism that exerts a constant force, while the current flowing through the wire provides a constant heat source. A standard wax candle is largely composed of a mixture of hydrocarbons called paraffin or petroleum wax, and does not have a well-defined melting point. This helps, because it means that wax will soften to the point of allowing the wire to pass without dropping to a very low viscosity. With the liquid wax still fairly viscous, there is little of danger of it simply dripping down the sides to cause complications.

In the simple linear arrangement a wax candle is arranged to fall through the tube, the hot wire cutting through the candle as its weight carries it down. The wire is offset so that it does not contact the wick, which might make it unsteady or even stop it. Some additional resistance wire is used to control the temperature of the wire, dropping the voltage from the 6 V battery or 5 V power supply to 1 V or so. If you have a multimeter, you can measure the voltage across the wire—around 1 V for each 5 cm (2") is a representative voltage level.

By inscribing graduations on the candle with a marker pen, you can produce a pretty accurate clock. Unlike a simple candle-burning-down-clock, it should be independent of moving air blowing the flame about, the condition of the wick, and similar effects that make a normal candle timer so irregular in its action.

With 0.7 V, I found that my candle fell 1 cm in 4 minutes, while on 0.9 V, I achieved twice this speed. Clearly the speed of the clock is dependent upon accurately regulating the voltage applied, which determines the hot-wire’s temperature. But how much does the ambient temperature in the room affect the clock speed?
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The linear butter-knife clock is simple, but, like a simple candle-clock, it does not run continuously. The candle is not consumed completely in our hot-wire clock, however, so another possibility beckons: we can take a crack at making a simple knife-through-butter clock that will run continuously . . .

A Rotary Butter-Knife Clock

The rotary knife-through-butter clock again uses an heated electrical wire to cut through wax, with the modification that the same wax is cut through many times, once for each rotation of the device. Tealights are the short little candles that have an aluminum case around them. The ideal tealight for our purposes here is the kind that has a removable wick. Simply slide it out, or, if that doesn’t work, cut it out with the aid of a hot-metal tube heated in a flame and then plunged into the center of the candle.

You may find that the tealight sits loosely in its aluminum case, which would cause us problems in putting a torque on the wax using the case. So, if the case is loose, make it adhere to the wax by denting the aluminum case multiple times with a ballpoint pen or some similar implement to give a gripping surface on the inside, and then warm the candle briefly, perhaps by heating it on the base of a saucepan. The outside of the candle will melt first and, when it cools, you will find the wax now glued solidly into the case. You now need to glue the case itself onto the horizontal platform pulley. The pulley is most easily propelled by using 1½ turns of very thin cord, with a weight on each end, one weight being much heavier than the other. The lighter weight serves to tension the cord so that the heavier weight will propel the pulley smoothly. Alternatively, you can simple wrap a string around the drive shaft, perhaps thickening the shaft by enclosing it in tightly fitting rubber or plastic tubing. The string or strings are led to an overhanging horizontal axis pulley or two and thence to a drive weight.

With graduations marked on the platform pulley, on the candle case, or on a surrounding scale, and an indicator arrow in place, you should be ready to set the clock going. Connect the battery and ensure that the weights are exerting torque. I found that with about 0.9 V applied to my 28 SWG wire, I got a clock that rotated once per quarter of an hour, forming a little race-track on the surface of the wax where the cut or kerf was. The fact that the wire cut through its own tracks repeatedly did not seem to affect its action, which was very regular.

How much is the clock affected by the driving force? You can try different weights. The speed of the clock will clearly depend upon how hot the wire is, and you can try different voltages.

You might think that the temperature would have a significant effect on the clock’s time-keeping. In fact, it will run at a comparatively steady speed in spite of changes in the ambient temperature, because most of the power needed to melt the wax in front of the wire is not used up in raising the wax temperature to melting point, but is instead used to carry out the actual melting. The energy needed to melt (the latent heat of fusion), considerably exceeds the heat capacity of the wax over a few degrees Celsius. The clock therefore actually runs at a remarkably steady speed.

How It Works: The Science behind Hot Knives through Butter

The rate at which the wire cuts through the wax depends mainly upon the latent heat of fusion of the wax. The wire must melt through a volume of wax at least equal to its own diameter × its length × the speed each second. So, in algebra, we have:

P ~ ΔHfL D Vc ρ,

where P is the power given by the hot wire, ΔHf is the latent heat of fusion of the wax, L is the wire length, D is the wire diameter, Vc the cut speed and ρ is the density of the wax melted by the wire.

Take, for example, ΔHf ~ 160 J/g, D = 0.38 mm, L = 0.05, ρ = 0.8. Now assume that the wire power (P) is approximately calculated by taking its resistance to be 0.5 Ω (10 Ω/m, 5 cm), powered by, say, 0.7 V. The power P = V2/R = 0.5/0.5 = 1 W, of which around half will be inside the candle, so let’s say that P = 0.5 W. Work out the numbers, and this gives a speed of around 10 mm per minute. Now, in fact, in my tests I saw progress that was 4 times slower; i.e., around 2.5 mm per minute, which although not quite right is at least the correct order of magnitude. However, this simple calculation fails to take into account the effect of needing to warm up the wax to its melting point and the effect of thermal conduction in the wax. Try this calculation on your own system—is it about right?

A similar but slightly more complex calculation can be followed for the rotary knife-through-butter clock. In this case, the two down-coming wires will obey exactly the same equation as above. However, the horizontal wire connecting the two verticals within the wax will be different. This horizontal portion of the wire is cutting at the full rate at the edge, but it is cutting more slowly as you move inward, right down to zero speed in the middle.

Industrially, thermal cutting is very important. Huge amounts of R&D effort have gone into various forms of thermal cutting, especially, in recent years, on laser thermal cutting. Even the humble hot-wire cutter is important, however. The rate of cutting—the maximum rate of cut we see here—is the key function that is measured. Thanks to huge amounts of development work aimed at increasing the concentration of thermal power in the kerf, rates of cut are surprisingly fast. Steel 6 mm (1/4") thick can be cut by laser and oxygen, for example, as fast as a tailor might cut cloth with scissors. The book cited on the next page gives an account of the laser-cutting process.

And Finally . . .

You could try an alternative electric drive in place of the gravity drive. Choosing the voltage of the drive to be compatible with the hot wire would offer the advantage that one simple power supply would fulfill both the thermal and the mechanical requirements. A simple 5:1 or 10:1 spur-gear transmission from a small 3 V electric motor, perhaps with a 5 or 10 ohm current-limiting resistor would probably suffice. In this way you could run the system long enough to study small differences in the rotation speed.

What is the effect of ambient temperature on these clocks? That will depend upon the proportion of power needed to first raise the temperature of the wax from ambient to melting point, and then on the fusion melting power, which we calculated above.

Think about whether the results will vary with the nature of the wax used. Wax is a curious substance in its chemistry, basically a partially crystalline organic solid formed not from a pure single substance, but from a mixture of similar high-molecular-weight hydrocarbons. Paraffin wax is usually reckoned to contain saturated hydrocarbons, formula Cx H2x+2, containing from 10 to 30 carbon atoms, consisting mainly of straight or slightly branched chains. Candle wax is often a blend of different pure hydrocarbons with a small proportion of the pure organic substance stearic acid, a fatty acid with a carboxylic acid group attached to a very large hydrocarbon chain. Its formula is C17H35COOH. Stearic acid is itself a waxy substance that could be used in the knife-through butter clock: it has a more well-defined melting point at 71.5°C. There are also microcrystalline wax materials, which are stronger than regular wax, akin to a rather weak hot-melt glue in strength. They are sometimes used industrially for exactly that sort of purpose, where a rather weak glue bond is desired, and microcrystalline wax is one of the ingredients of many hot-melt glues used for paper and cardboard cartons. The hydrocarbons of which they are composed are more highly branched than common wax, have a higher molecular weight (up to about 50 carbon atoms), and they can have melting points anywhere in the range from 60 to 100°C. As many of these materials have similar heats of fusion, you might expect the material to affect the clock speed only slightly. But maybe not.
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8. CREEPY CLOCKS AND TIME PENCILS—THE SLOW FLOW OF SOLIDS



CHORUS:

With cat-like tread,

Upon our prey we steal

In silence dread,

Our cautious way we feel.

No sound at all!

We never speak a word;

A fly’s foot-fall would be distinctly heard—

So stealthily the pirate creeps,

While all the household soundly sleeps.

W. S. Gilbert & Sir Arthur Sullivan, The Pirates of Penzance

(usually sung by large number of loud operatic pirates!)

In World War II France, many French people joined Resistance groups, pledged to oppose by all means the Nazi occupation of their native land. The Resistance was often armed by secret air-drop deliveries of special weapons and munitions provided by the British Secret Service or the Special Operations Executive in London.* Among the lightweight guns and packages of explosive were delayed-action detonators for use in sabotage. Ordinary safety fuses (a burning cord) or electric detonator wires were out of the question, since they would be recognized by vigilant enemy patrols at checkpoints. An alarm clock with electric contacts, perhaps the most obvious alternative to conventional detonators, would be delicate and might be heard ticking in a quiet environment.

One answer to this problem was a time pencil using lead (Pb) wire. A very small device, the size of a pencil, it contained a fulminate detonator with a spring-loaded plunger aimed at it. The saboteur would set explosive on a railway line or in a munitions factory and then push a time pencil into the charge to do its dastardly work. The plunger was held back against the spring by a lead wire and a safety restraint. When the safety was removed, the plunger would, ever so slowly, stretch the lead wire. (Lead is soft and a wire made from it will creep [deform plastically] in a predictable way.) After stretching for a few minutes or hours, the wire finally breaks and the plunger clunks into place, setting off the detonator and exploding the demolition charge. Our version of this wartime device must be at least a runner-up in the simplest clock stakes. All we use is a strip from a plastic grocery-store shopping bag.

What You Need


For the Creepy Clock

A plastic grocery bag

Weights

Metal, plastic, or wooden dowel rods

A cardboard scale

A weight

String

A pulley

Rails and rollers (you could use Meccano or Erector Set parts)

Double-sided tape

 

And for the Creepy E-Clock

Conductive plastic (usually black, often used to store small numbers of silicon integrated circuits)

A battery

A multimeter

Weights



What You Do

The system shown in the diagram is not unlike that medieval torture chamber favorite, the rack. A weight hanging from a string goes around the pulley at the end and then pulls the carriage along the track, stretching the plastic horizontally. You can conveniently position the rack itself on the edge of your bench or desk, allowing the weight to hang down toward the floor. The carriage, instead of having wheels, has rollers, and one of the rollers has a pointer on it. The roller and the pointer glued onto it can be made from metal or plastic rods, or maybe from hardwood dowel rods.

Now try the system out. Carefully tape a sample cut from a plastic bag, for example, one end onto the carriage and the other onto the rack, Take care to put a piece of double-sided tape onto both the carriage and the rack before applying the sample strip and taping over the top of the joints, so that the strip is held by glue on both sides. Now apply weight, and start making notes on the position of the pointer on the roller.
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The strip of plastic, instead of stretching evenly along its length, will tend to pull out into a thin neck. This necked portion will then progress along the strip, until the whole strip is thin, at which point the creep process will slow down considerably, unless the weight loaded is increased.

I tried instrumenting the rack by replacing the roller pointer with an electric measurement device. You can install a potentiometer instead of the roller at the end, and use the voltage from this to activate a datalogger analog input. This is how I performed the longer time measurements of creep. And you can of course arrange for electric contact to be closed by the rotation of the pointer, thus making the system into an alarm clock.

The phenomenon of creep is itself quite a surprising effect. In everyday life, most solid objects seem either to resist (stretch elastically) or to break. A solid that stretches over time takes on some of the characteristics that we are more apt to associate with viscous liquids than with solids. I was certainly surprised when I read about the French Resistance time pencils, and how they relied on the creep of lead. Another surprise awaited me, however, when I discovered that electrical properties can creep too.

An Easier Creepy Clock—E-Creep

While putting together the stretching rack to demonstrate the creep effect, I racked my brains for something better than a rack with rollers. Eventually, I found that there was a device that was much simpler to set up, and, in addition, was intrinsically electrical, so you wouldn’t need an artifice like the potentiometer to measure the creep value. What you do need is a piece of conductive plastic.

What You Do

The whole device is simply a narrowed-down region of conductive plastic stretched between two metal rods, around which the plastic is wrapped and clipped. By applying a fixed battery voltage to the metal rods of this arrangement and measuring the current flow, or by using the resistance scale of a multimeter, you can see the effects of load. You can do this simply by suspending the plastic from the upper rod and hanging weights from the lower rods. The plastic behaves like a resistor whose resistance increases slightly with time. The resistance increases exponentially, over a period of minutes, hours, or days, depending upon the stretching force. It is an electronic form of “creep.” You can again either see the resistance changing with a multimeter, or plot the resistance versus time using a datalogger. The plot on page 313 shows the kind of result you may get. If your datalogger doesn’t have a resistance input, then apply current to the plastic via a resistance and plot the change in voltage across the plastic.
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How It Works: The Science behind Creepy Clocks

The metallurgical phenomenon of creep is an exceedingly important one in industry in the design of plastic components and also in the design of metal components that must operate at elevated temperatures. The gas turbine or jet engine that is at the core of all modern aircraft engines has a set of turbine blades mounted in the hot exhaust of the combustor. These are under huge stress from centrifugal force and from the pressure of the high-speed gas stream impinging on them. Despite being made of exotic, high melting-point nickel-based alloys, the blades will very slowly distort as the metal creeps due to the very high temperatures, often over 1000°C. Early turbine alloys suffered badly from creep, and a monumental research effort has been needed to achieve the low levels of creep seen in modern jets engines. Most ordinary materials suffer considerable creep, even at much more moderate temperatures and stress levels.

Creep at its most fundamental level is driven by energy. Under normal low stresses, most solid materials deform and then go back to their original shape when the stress is released, what is dubbed “elastic” behavior. The chemical bonds that give them their strength are simply being slightly stretched or compressed. These bonds are not, however, as static and permanent as we usually think them. They are breaking and then remaking again at a frequency that depends upon the strength of the bonds and the temperature of the material. When the material is highly stressed, some of the bonds will simply fail to remake themselves; instead the atoms concerned will form an alternative bond, one that requires less energy to form. The excess energy appears as heat. Bend a thin sheet of a metal like zinc or tin to and fro vigorously, and you will find that the crease in the metal grows hot. The more stress applied, the more likely is it that the bonds will not reform but that new bonds will form instead. In effect, the material is flowing slightly, the bonds between the atoms moving in such a way as to “avoid their responsibilities,” as one famous metallurgist, Professor J. E. Gordon, quaintly put it.

The way a material typically creeps is related to the way dislocations move in crystallites in the material. If you figure the energy needed to break and remake chemical bonds, it turns out to be quite high, so you might expect materials to be much stronger, ten thousand times or more stronger than most of them actually are. The reason they are not is because most materials are riddled with dislocations—interruptions in the mostly orderly ranks of atoms. Moving these dislocations, it turns out, is equivalent to allowing the material to flow. Furthermore, that movement can be achieved not by making and breaking huge numbers of chemical bonds throughout the volume, or even across a surface through the material, but rather by disrupting the comparatively small number of bonds that lie in a line along the dislocation. It’s a bit like maneuvering a carpet. You don’t have to lift up the whole carpet all at once. You can move it over a little by lifting a line of carpet up into a ruck and then shifting the ruck across the carpet.

Perhaps the easiest way to imagine the process is to consider a single long, thin pseudo-crystal comprised of many slices of material lying at right angles to the crystal axis. The crystals are bonded together with tacky material. Pull on the ends of the crystal, and the pseudo-crystal can extend by the slices simply sliding relative to each other, leaning over at a slight angle to the original axis now. The sliding motion can be achieved by moving a dislocation—a line of ruck—across each slice. In some metals, which can be prepared as single-crystal wires, when they stretch you can actually see with a simple hand lens how the laminae within the crystal have been sliding relative to each other during creep.

Dislocation theory provides an explanation of the commonly observed phenomenon of primary creep, in which at first a material distorts rather easily, but then the rate of strain gradually decreases until a relatively steady state is reached. This primary creep can be understood to be the motion of the dislocations until they meet obstacles, like other dislocations, crystal grain boundaries, or harder grains within the material, and so forth. Once all the dislocations have migrated until they meet an obstacle, more energy must be supplied to move them, so the rate of strain with stress decreases, as we observed with the plastic grocery bag.

To explain the behavior of conductive plastics under stress, we need to add the theory of electrical conduction to that of creep. You can think about a conductive plastic, at least in an approximate way, as a conglomerate of conductive plastic grains within a nonconductive polymer matrix, and then think only about the stress and creep of the polymer matrix. The conductivity is a function of the area of contacts between grains within the plastic: each contact gives rise to resistance. Each of these many contact resistances between grains is a function of how hard they are pressed together, which in turn depends upon how much the material has shrunk down due to the mechanical deformation of the polymer. In a simple model, you might expect that e-creep would follow a square law. As the plastic increases in length, it also decreases in cross-sectional area; following this logic, you might expect the resistance to go up with the square of stretch or, equivalently, with the square of time. But in fact a square law is a very poor fit to the e-creep tests I have looked at. Is there a good theoretical reason to expect conductivity to follow an exponential law (as seen on the two previous graphs)? There is, however, another effect to consider: namely, the contacts between the grains within the plastic. It must be these contacts that account for the observed difference.

[image: Image]

[image: Image]

Advanced Creepy Clocks

You can try out different materials, and even different preparations of materials—varying the thicknesses and shapes of the samples, to observe the effect. What if you make holes in the grocery-bag material before fitting it to the test rack, for example? What if you cut an isthmus, a narrow neck, across the material? And what causes the stress-induced thinning in the straightforward sheet case anyway? Could you stop this thinning by simultaneously applying a crosswise stress, or by making multiple slits along the material in a direction parallel to the stress?

Finally, we have the situation of e-creep in which the contact resistance between the contacts and the plastic is significant, and may well be a function of, perhaps proportional to, the clamping force, and also may well be affected by the creep of the material. Contact resistance creep is well known in aluminum electric power cables. How could you disentangle the contact resistance creep effects from the simple resistance creep effects? The answer probably lies in some sort of 4 point resistor arrangement.

[image: Image]

A resistor value is measured fundamentally by measuring the current (I) through and the voltage (V) across a resistor, and then using Ohm’s Law: V= IR. A 4 point resistor allows the separation of the function of measuring the voltage from the function of injecting the measured current. You connect current connections to the two large outer electrodes and measure the voltage across the two thin electrodes inside.
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*Years after I left school, an obituary appeared in the Times newspaper in London about someone called Edward Burrough. Burrough had parachuted at night into an enemyoccupied zone without detection and worked with the Resistance. It then went on to explain that after the war he became a teacher of French and then the headmaster of a school: my old school. My school friends and I had classes with this man, we met him almost every day for six years. But none of us had any idea about his extraordinary past until we read the obituary!



9. A POLYMERIZING CLOCK—TELLING TIME WITH GLUE AND CHEMISTRY



By the 18th century science had been so successful in laying bare the laws of nature that many thought there was nothing left to discover. Immutable laws prescribed the motion of every particle in the universe, exactly and forever. . . . Chaos gave way to a clockwork world. But the world moved on. . . . Today even our clocks are not made of clockwork. With the advent of quantum mechanics, the clockwork world has become a lottery. Fundamental events, such as the decay of a radioactive atom, are held to be determined by chance, not law.

Ian Stewart*

Many chemical reactions take place in times just a little longer than the molecules take to collide. Since the ordinary motion of molecules in liquids and gases is hundreds of meters per second—something like the speed of sound—and intermolecular spacing is nanometers or micrometers, reaction times are typically measured in the nanoseconds or microseconds. If two molecules are truly reactive towards each other, then they will react very fast indeed. Fluorine and hydrogen, for example, react spontaneously and explosively in microseconds.

But there are exceptions. One of the slowest reactions you are likely ever to observes is the formation of the long chain molecules we call polymers—polymerization. Thanks to the decades of developments in modern chemistry, convenient techniques have been developed that will allow you to can carry out polymerization reactions in the garage. All you need to do is to stir up Pack A with Pack B in an adhesive formulation such as epoxy or two-pack polyurethane. These polymerization reactions are conveniently slow, taking from a minute to a day. Which is handy when you’re gluing things, and a help if you want to use them as a chemical clock . . .

What You Need


Two-pack setting polymer adhesive, either epoxy or two-pack polyurethane

2 flat metal-plate electrodes

Hairs

Tape

A multimeter

A datalogger

 

Optional

A battery (e.g., PP3)

A high-value resistor (e.g., 1 MΩ)



What You Do

Take a small but similar-size bead of each of the two components of the adhesive (the chemists and engineers who work in this business hate to hear people describe their brilliant scientific concoctions as glue). Mix them together thoroughly and put a little onto one of the metal plates. Now place two hairs across the plate and squeeze the other plate down on top, ensuring that you don’t lose the two hairs. The idea of the hairs is that the two plates will be spaced apart, but close—you might say, a hair’s breadth apart. Check with the multimeter that you don’t have a short circuit between the two plates.

Now connect up the multimeter (or datalogger) and start recording the resistance.

If your datalogger doesn’t directly monitor resistance, you could set up a voltage divider or potential divider, supplying the test electrodes from a PP3 battery or the like via a large (1 MΩ or so) resistance. Then you can simply monitor the voltage across the plates.

I was not surprised to find that adhesive compositions like epoxy and polyurethane are not conductors in their solid, set form. After all, they are used as electrical insulators in numerous places. So it was quite a surprise to discover that glue components—the oligomers and monomers, the materials from which insulating plastics are made—conduct any electricity at all.
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The basic reason why the glues conduct is that there is some small proportion of charged species among the neutral molecules in the liquids. Even though the monomers and oligomers tend to be quite viscous, they can still allow these charged species to move, and moving charges are what we call electric current. The very narrow gap between the two plates, created by the hairs, maximizes the electric field and minimizes the distance the charged molecules have to travel. However, as the polymerization reaction proceeds, the conducting species tend to be mopped up and added to the growing polymer chains. Furthermore, the viscosity of the mixture increases, hindering the motion of any remaining charged species. The result is a rapid decrease in conductivity that continues until the mixture gels and then hardens, at which point the polymer becomes a very effective insulator.

How It Works: the Science behind Polymerizing Clocks

The resistance (R) of a piece of material between two parallel-plate electrodes is given by:

R = ρ t/A.

The resistance goes up with the basic resistivity (ρ) of the material and the thickness (t) between the plates, and down with an increase in the area (A) of the plates. With t = (say) 80 microns (although human hair can vary from about 20 to 150 microns),  A = 2 cm2 and a measured R of 10 MΩ, we are measuring a resistivity of 2.5 × 107 Ω m-1.
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This is a high resistivity compared, to say, copper, which has a resistivity of about 1.5 × 10-8 Ω m-1. This really shows the power of electrical measurements. Using the same $10 meter and some adjustment of geometry, we can measure the parameter of a substance with a range of 15 orders of magnitude. This is equivalent to having a ruler with 1 mm divisions that will accurately measure objects from 1 cm to 1013 meters in size. But you can’t buy a ruler that will measure any distance from the width of your finger to 100 times the distance between the Earth and the Sun for the price of a couple of mochachino lattes!

Polymerization Chemistry

The two components of an epoxy resin are an aliphatic amine RNH2, where R is a long hydrocarbon chain, and a short chain oligomer which has been formed by a limited reaction of Bisphenol A monomers with epoxide (epichlorohydrin):

Bisphenol A: HO-Ph-C(CH2)2-Ph-OH

Epoxide: [image: Image]

The setting polymerization occurs when the oligomers are linked through their terminal epoxide groups by the amine, forming –CHOH-CH2-NR-CH2–CHOH-links. The electrical conductivity may arise because the amine component can ionize to a very small extent:

RNH2 → RNH- + H+

RNH2 + RNH2 → RNH- + RNH3+

The very small number of these not-so-mobile charged species can carry the very small currents that we see. There are other components in adhesives—plasticizers and fillers—some of which are conductive, however, so the story may not be as simple as this. Try measuring the conductivity of the two components of the epoxy resin you used above. Which component has the higher conductivity?

The resistivity of the resin in my tests seemed to increase (approximately) exponentially with time. This would fit with the idea that the number of conducting species decreases with time exponentially—something like the decay of radioactive atoms—as they react to form immobile polymer. It ignores the slowing down effect of the increasingly solidifying polymer on the remaining charged monomer/oligomer species, however: the true math analysis is probably more complicated.

And Finally . . .

What about trying other polymerization reactions? There are other two-part adhesives, polyester or polyurethane, for example, and you can experiment with these following the same procedures as above. But you could also try one-part adhesives. Some of these, such as cyanoacrylate, rely on a polymerization catalyzed by a component of the air (moisture, in the case of Krazy Glue cyanoacrylate), while others simply allow a solvent to evaporate from a solution of a pre-polymerized material, leaving a film of polymer. The latter may be more difficult to operate as a clock, because the evaporation process is likely to be very difficult to control. All these adhesives are difficult to work with, in fact most, like epoxy and polyurethane, have very high resistivity values. It would be convenient to have lower electrical resistivity values. So can you dope any of them to make them a little more conductive in the nonpolymerized state? And does this doping affect the conductivity in the polymerized state?

You could log the progress of the conductivity to give a clock readout, or use an electronic comparator to generate an alarm signal. You will need to use sensitive high-impedance electronics, however, as the conductivity values are so small.

Maybe it would be useful to look at another electrical parameter. The electrical capacitance of the two plates will probably vary with the gelling process: would it possible to monitor that? You might be able to do this with a high-frequency circuit that would not need such high-impedance electronics. Try connecting up a multimeter that has a capacitor readout to see if this works.

And what about inorganic setting reactions? For example, one can imagine that a crystal garden type of reaction** would result in the resistivity of a solution changing. In this reaction, long tubes of solid silicate minerals form and eventually take over a container filled with sodium silicate water glass solution. Similarly, a cement/water solution will increase in resistivity with time, as the silicates of the cement hydrate and remove free water.
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** The crystal garden reaction is a reaction between crystals of colored metal salts, such as copper sulphate or potassium permanganate, and a concentrated sodium silicate solution. It produces weird but interesting branching tubes stemming from the added crystal.



10. DELAY-LINE OSCILLATORS—PASS-THE-PARCEL OSCILLATORS



Epimenides says he is a Cretan: Cretans always lie.

Step 1: E says he is a Cretan. Therefore, ergo, E = Cretan.

Step 2: Cretan = liar, ergo E ≠ not Cretan.

Step 3: Non-Cretan = non-liar, ergo E = Cretan.

Step 2: Cretan = liar, ergo E ≠ not Cretan.

Step 3: Non-Cretan = non-liar, ergo E = Cretan.

Step 2: Cretan = liar, ergo E ≠ not Cretan.

Step 3: Non-Cretan = non-liar, ergo E = Cretan . . .

Epimenides was a Cretan philosopher, thought
to have lived in Knossos around 600 BC.

What we have here is an early example of a feedback oscillator—one drawn from ancient philosophy rather than modern electronics. Its modern equivalent would be something like the “Song that Never Ends.” Epimenides appears to be about 50 percent liar and 50 percent Cretan. Maybe his mother was from Crete and his father from some place like Athens. And maybe the ancient Greeks would have claimed that in Athens everyone always tells the truth! We’ll probably never know the full story, alas. But we can still have some fun with the concept.

In fact, in the early days of computers, it was the source of some amusement to geeks of a roguish turn of mind. It was easy back then to write mischievous software that did the equivalent of what a feedback oscillator does and thereby fool what was often a million-dollar machine into doing absolutely nothing. The computer would just freeze—even though it was very busy doing nothing—until an operator noticed something awry and stopped it. Here we put this kind of philosophy to work in a real and sometimes even useful type of oscillator.

Perhaps the simplest possible demonstration of a delay-line oscillator uses the wave of electric field that travels down a cable when the voltage on its input is changed. We can use this effect in an electronic oscillator that uses a piece of cable as its delay line. A typical coaxial cable will delay a signal about 5 nS per meter, which is around 2/3rds the speed of light, so a 100 m cable reel could give you a 500 nS delay and hence allow the construction of a very straightforward 1 MHz oscillator. The circuit diagram below shows you the sort of thing you might expect . . .

What You Need


100 m (330') of fairly low-loss coaxial cable; e.g., RG58

A transistor

Resistors (see text, as well as the circuit diagram below)

An adjustable power supply

An oscilloscope



What You Do

The circuit is simplicity itself: it is just a single transistor amplifier with a cable connected from its output back to its input. It should operate on a power supply in the range of 1 to 5 V or so with a piece of cable down to perhaps a meter or two in length. The oscillation, at least with cables longer than about 20 m or so, has a period that is about 2 times the cable delay, but may be 4 times the cable delay. The latter occurs when there are reflections of the voltage wave at one or both ends of the cable.
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The 200 Ω load resistor is simply there to give the transistor access to a reasonable amount of current from the power supply, while being large enough to stop too much current from flowing and destroying it. The 33 k resistor switches the transistor on a little (biases it), and the capacitor stops the cable from messing up the bias. You could try a 50 Ω resistor from cable to ground at the input to provide a dead load; i.e., one that reflects no wave back down the length of cable. The 1 k resistor feeds a piece of the cable-end signal to the transistor.

Switch on, starting with a low voltage, just a couple of volts, and adjust the oscilloscope suitably, and the oscillations should be immediately evident. You should find that the circuit oscillates with an approximately 50/50 mark-space ratio, with the ends of the cable at opposite phase: one end up when the other is down and vice versa. This is the signature of a delay-line oscillator, as we shall see.

Try scanning the voltage up to see if there is an upper maximum to the supply voltage that will work. Is there a change of mark-space ratio as you change the power supply? Is there a hint of frequency change? And how do the waveforms change with supply voltage?

How It Works: The Science behind Delay-Line Oscillators

The cable and amplifier form the classic 50/50 delay-line oscillator. When switched on, the transistor is switched off, and the output is high. This high is communicated at 2/3rds of the speed of light toward the other end of the cable. This high then switches the transistor off, sending a low from the output toward the other end of the cable at 2/3rds of the speed of light again . . . and so on. With a 500 nS delay, the circuit runs at just a little under 1 MHz, reflecting the fact that the total period of the circuit requires a complete 500 nS off and a complete 500 nS on. There are subtleties in the circuit that result in the mark-space ratio being not quite exactly 50/50, and the frequency is not exactly 1 MHz either.

You can simulate a delay-line oscillator using logic in a computer spreadsheet. Try something like the following—a 5-stage delay-line oscillator. You should find that this logic system oscillates to fully on and then to fully off as you step down the lines.

One of the surprises is that a delay line can nearly always be made into an oscillator. On the face of it, an inverting amplifier with feedback should not oscillate: it has negative feedback, and negative feedback in an amplifier usually ensures that it operates to amplify its input in a stable way. However, add a delay line, and it does not much matter whether you have an inverting or a noninverting amplifier, it will tend to oscillate. This is because there will always be a frequency at which the delay line will invert the phase of the feedback so that it becomes positive feedback and causes oscillation.
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So just about any sort of delay line can be used in the creation of oscillators. Surface acoustic wave (SAW) devices, are an example. In a SAW, a high frequency acoustic wave is launched across a substrate using the electrodes on either side of a layer of material that has a piezoelectric effect. This wave is then received by similar electrodes after a delay. On a material like quartz, the speed of sound is 6000 m s-1 or so. So a SAW device with a 3 mm track will oscillate at about 1 MHz. SAW devices are typically used for oscillators in communication equipment.

And Finally . . .

Slow Delay Lines from Inductors and Capacitors

You could try the same circuit as shown on page 323 using a ladder-like chain of inductors and capacitors instead of the coaxial cable. Series connected inductors represent the inductance of the central wire, while capacitors from the connections to ground represent the capacitance of the central wire to ground. There is an advantage to using an inductor/capacitor-ladder delay line: you can make the delay line much slower than a manageable piece of cable, and thus run it much slower than a cable delay line.

Relay Delays

A neat way to achieve a truly slow delay-line oscillator is to hook up a row of identical delay circuits based on relays. A relay wired as shown is one way of achieving this. The capacitor in each stage takes time to charge up via the resistor, so that after the relay is first switched on, it takes time to react. This delay is built up in each successive relay until the last one in the sequence provides an inverted output which is fed to the input of the whole row. And we now know that when you invert the output like this, a delay-line oscillator is born. The whole relay set should switch all on, one relay at a time in a sequence along the row, and then switch all off, one relay at a time, and start over again.

[image: Image]

There is no guarantee, incidentally, that this particular circuit will work exactly as given, because relays differ considerably in their sensitivity and switching voltage, inter alia, so you might need to vary the values shown quite a bit. Depending upon the supply voltage, a delay line built from this circuit could take from 5 seconds to 60 seconds to complete a full cycle. It nicely demonstrates the principles of the delay-line oscillator. You can add LEDs, fed via suitable resistors, to light up with each relay, showing the progress of the wave as it moves through the oscillator.

[image: Image]

Finally, we could make a delay line using bubbles floating up a tube. This is a workable idea, but it needs a bit more engineering, so we’ll explore it later in “A Bubble Tube Oscillator” (“Great Stuff”).
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11. THE FAN FLAP FLIP-FLOP CLOCK—A HUFFING AND PUFFING CLOCK



For a more vivid picture of what’s going on, imagine an individual (heart) cell as analogous to a toilet tank filling with water. As the water pours in, its level rises steadily, as the voltage does in the cell. Suppose that when the water reaches a certain height, the toilet automatically flushes. The sudden discharge returns the water to its baseline level, at which point the tank begins filling again, creating a spontaneous oscillator. . . . Finally, imagine an army of 10,000 of these oscillating toilets . . .

Stephen Strogatz, Sync

In this section we venture once again into the on and off and on and off again world of oscillators. We will set up a rather unusual oscillator that relies on the air current from a fan blowing a flap (or anemometer sensor), which in turn flips the oscillator into its off state, until the air stream stops and allows the oscillator to flop back into life again. The fan and flap form a kind of weird delay line—in which the element of delay is the propagation of a puff of air. There is negative feedback: after the motor has been switched on a while, the motion of the flap switches it off again. So we should expect that, as in the delay line-oscillator we looked at earlier, an oscillation will build up in the system.

What You Need


A motor; e.g., a 8–12 V 600-model motor, or perhaps a motor from a hairdryer

A fan or small propeller to match the motor

A flap

A power supply: a 12 V car battery charger

A current limiter, e.g., a low-value resistor, a length of NiCr wire, or maybe an auto-stop type 21 W filament bulb

Sundry wires, etc.



What You Do

The fan is aimed at the flap, and is switched off when the air from it reaches the flap breaking the circuit. You may need to limit the current through the motor. Either use a length of Nichrome wire, or, perhaps more ingeniously, use an auto-filament bulb. The latter blinking on and off adds to the spectacle of the oscillator as well as doing the more mundane job of limiting the current to the motor. A minor hazard here: the current limiting resistor or bulb will get hot. Also, I have suggested using a reasonably powerful motor, so beware the hazard of the propeller too. (A hairdrier or smaller toy motors will work too, if the flap is more delicately set up). I used heavy copper wires for the contacts, but as always with contacts, it may be worth looking at carbon rods or other materials that are resistant to the arcing and sparking that necessarily takes place at contacts where a motor is started up.

Try measuring the period of the oscillator. The delay between the initiation of the puff of air and the air’s arriving is a complex function of distance, and this is what largely determines the period of the oscillator. What happens to the cycle time as you change the electrical power to the motor? What happens as you lengthen the distance between the fan and the flap? What is the effect of a propeller with a different diameter and/or pitch? Try changing how delicately the flap is set up. If it is set up to break contact as the slightest touch of air, does that make a significant difference in the flip-flop time?

[image: Image]

What about funneling the air from the fan to some extent? This might allow you to increase the distance between the motor and the flap. Carrying this idea to its logical conclusion, you could put the fan and the flap inside a tube. But if you do this, does it make a lot of difference to the system’s oscillation time?

How It Works: The Science and the Math behind the Fan Flap Flip-Flop

The fan does not simply start a column of air moving between it and the flap. What happens is more complex. If it is a sunny day and you are blessed with a dusty room, you can see what it is that actually happens. The air moved by the fan at first travels partly in a circular vortex, or smoke ring. Nevertheless, the overall effect is the same: there is an accurately determinate delay before the flap can be affected by the fan, and thus a regular period for the oscillator.

The oscillator period depends upon four factors:


	The distance between the fan and the flap.

	The time the motor takes to speed up the fan, which is proportional to the moment of inertia of the fan, which increases as mass times the square of the diameter, and is inversely proportional to the motor power.

	The rotation speed of the motor and the pitch of the fan, which govern the ultimate air speed.

	The critical air speed at which the flap lifts off and breaks the contact.



Try putting smoke, or sprinkling flour, into the air in front of the fan so that you can observe the vortex formation as you switch the fan on. After the initial vortex, there seems to be a kind of turbulent, conical stream of air, widening as it leaves the propeller and swirling around.

And Finally . . .

Thermal Windspeed Indicators

A more delicate detector of the fan’s air stream is clearly possible. You could try using a hot thermistor or hot-wire anemometer, for example. These work by detecting the temperature change when air blows over a small heated body. Thermal anemometers are particularly good at detecting very low air speeds. A simple hot-body anemometer with a high-speed response is easily made by breaking a smallish filament bulb.

The resistance of the tungsten filament in the bulb is a function of temperature, and will be about 75 percent higher at 200°C, which is a temperature rise that could easily be reached in a small filament exposed to the air. If air flows over the heated filament its resistance will drop, unless more power is applied to keep it at a constant temperature. The simplest way to make an anemometer out a lamp filament is to use a constant temperature feedback circuit. Break the glass by slowly squeezing it in a vice. Wear thick gloves and safety glasses when breaking the glass—it is strong, but very thin, and very sharp. The filament is heated to a constant temperature by the circuit, with the current in the circuit indicating, after subtracting a small zero offset, the airflow. A circuit such as that shown in the diagram can be used to achieve this.

This works by applying a voltage to the bridge circuit as shown, via the power transistor. The power transistor is operated by the output from the operational amplifier. The current feedback ensures that the filament resistance is kept constant, which means that the filament is being kept at a constant temperature. You can then deploy a buffer transistor or relay to match the motor operated by the circuit to complete the oscillator.

[image: Image]

Could you devise an oscillator that actually makes use only of the vortex portion of the air pulse? The vortex will not provide a permanent deflection of the flap or anemometer, so the system wouldn’t be able to fill up the delay line. The vortex would pass on by, unlike the continuous column of moving air supplied by the fan. But maybe a stream of repeated vortexes might satisfy the requirement for a delay line that you could fill up.
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12. THE FAUCET OSCILLATOR—MEASURING TIME WITH SPURTS OF WATER



A city is the pulsating product of the human hand and mind, reflecting man’s history, his struggle for freedom, creativity, genius—and his selfishness and errors.

Charles Abrams

Pulsating jets of water are at the heart of a number of simple and useful devices in which there is a single moving part—perhaps a simple check-valve—or even no moving parts at all. The hydraulic rams used for supplying water to houses are an example. They work by pulsing a fast-flowing stream of water into a pneumatic bell, which results in relatively high-pressure pulsations that can pump a small amount of water up a high hill. The energy of the large low-pressure flow of the input stream is in effect concentrated into a small high-pressure output flow. Pulsed devices have also occasionally been studied for use in power generation—in the pulse-jet engine,* for example.

Here we are going to make an oscillator in which the delay element is largely the transit time of water down a pipe. It is a 50/50 delay line oscillator that has many characteristics in common with classic delay-line oscillators.

What You Need


A length of plastic tubing (the length determines the time constant)

A hose with nozzle (for the inlet)

Clamps, wood, etc. to position the pipes



What You Do

I used plastic hose with a 12 mm (1/2") internal diameter for my water pulse-jet oscillator. I heated the end of this in a flame and drew it out with a pair of pliers so that it narrowed slightly, producing a constriction that, when the hose had water from the faucet flowing through it, would give a smooth and reasonably fast jet, once the faucet was suitably adjusted. I also heated the tube for the delay line in a flame, but then used the nose of the pliers to belly one end of it out slightly, so that it formed a slightly conical entrance. The other end I clamped together over half its width, so that there was a considerable constriction, reducing the sidestream jet of water to around half the hose bore diameter. Once you have a better idea of the diameter of sidestream needed, you can make a more regular sort of nozzle end, perhaps from a part of a pen, for example, or from the nozzle of a DIY caulking product.

You will need to make a number of adjustments to get the system to oscillate, so as you assemble the parts according to the diagram, allow room to fine-tune various parts. Start with the shortest possible length of hose. I found around 200 mm (8") to be a reasonable minimum. Make sure that when the faucet is switched on the water flows reasonably smoothly into the sidestream tube. (Although you will find, particularly if the sidestream hose has a very constricting nozzle, that a proportion of the water will not go down the funnel.)

[image: Image]

Start with a gap of 100 mm (4") between the faucet nozzle and the funnel, and a sidestream positioned to strike the main water stream half way between the two, perhaps angling the sidestream so that it strikes the mainstream roughly at right angles. Arrange for the mainstream to hit the funnel near one edge, and aim the sidestream to push the mainstream across that edge.

The Unexpected

You may be surprised to find that the water entering the funnel will emerge from the side-tube, despite having apparently no driving pressure behind it. In fact, once correctly adjusted, you will be able to start up water pulse-jet oscillations with the aid of the side-jet. The oscillator will build up in amplitude in 3 or 4 cycles. You should find that the sidestream, after building up, will pulse and deflect the mainstream by twenty degrees or so, with a cycle time of roughly 0.7 seconds, and the approximately 50/50 duty cycle that we expect from delay-line oscillators.

There are clearly compromises in the design of this oscillator in, for example, the height of the sidestream and the size of the nozzle on the sidestream tube. The height at which the sidestream joins the main stream must be optimized. If you put the sidestream just below the inlet nozzle, then it will have a low speed, since the water in the sidestream tube has to flow uphill to get out. The degree of narrowing of the sidestream nozzle must be such as to boost the overall sidestream momentum. If it is too narrow, a somewhat higher speed stream will be achieved, but at the cost of a much lower mass flow, and hence the weaker momentum (mass times speed) will be smaller. Conversely, if the sidestream nozzle is too large, then it will waterfall downwards out of the side tube with an almost zero transverse component of velocity.

How It Works: The Science and the Math behind the Faucet Oscillator

Clearly the more the sidestream mass flows relative to the main mass flow, and the greater the speed of the sidestream flow relative to the mainstream flow, the greater the angle through which the mainstream will be deflected. A little math can be used to estimate how much sidestream can deflect mainstream numerically. If we take the mass of main jet per unit length to be M and the mean velocity of main jet to be V in a vertical direction, and the corresponding figures for the sidestream, which moves in horizontal direction, to be Ms and Vs, then we have:

θ = tan-1(MsVs/M V),

where θ is the angle of deflection. If we assume that 1/4 of the flow rate goes down the sidestream, with a velocity comparable to the original stream, even after allowing for drag on the pipe walls and height, then we can plug that into the calculation and show that the angle of deflection should be something like 14 degrees. Is this the kind of angle you saw?

The reason why a nozzle works to improve the jet coming out of a hosepipe is that, at a constant flow, the flow must have a higher speed to keep the total mass flow constant. So if the nozzle has, say, 1/3rd the diameter of the pipe, then to keep the mass flow constant through that nozzle area, 1/9th of the pipe area, the jet must go 9 times faster.

However, the pressure available (P) just before the nozzle must be high enough to accelerate the water to that 9-times faster speed. Now, neglecting for a moment the kinetic energy of the water in the pipe, the kinetic energy of the water exiting the nozzle must follow the usual 1/2 m[image: Image]2 formula. In this case, the m is the density (ρ) of the water and the [image: Image] is the stream speed:

P = o.s. ρ [image: Image]2.

With small nozzles, the entire water supply pressure (P) is available to produce a fast jet. At 1 bar water pressure, for example, the speed produced can be estimated by reversing this formula—15 m s-1 (30 mph). The achieved speed will be lower than this, owing to turbulence and other effects in the nozzle consuming some of the energy input. And with larger nozzles, and particularly if a valve or faucet upstream of the valve is near closed, the pressure (P) before the nozzle will be less, and the jet will be still slower in speed.

And Finally . . .

What could be done to illustrate the oscillations in the systems in ways other than the sidestream direction modulation? Could you use a pressure or flow indicating system inside the sidestream tube, for example? Can you make an analogous pulse-jet oscillator using jets of air?

Multivibrator Pulse-Jet Oscillators

What we have here a basic amplifier. The sidestream impinging on the mainstream and deflecting it out of the output nozzle is an amplifier. A flow in the sidestream reduces the mainstream flow. This is analogous to a transistor, where a positive flow into the base connection results in an increase in the collector current. Now, pairs of transistors can be, and often are, built into feedback assemblies called “multivibrators.” These can be flip-flops that can stay in one of two states: flip or flop, on or off, 1 or 0: this the basic unit of much electronic memory. Multivibrators can also be ping-pong oscillators, throwing a ball of electric charge to and fro.

Stong, in the reference below, shows how the basic amplifier unit of the water pulse-jet can be used to create other devices. He shows how to make a simple flip-flop, in which an input stream is diverted to one of two outputs, the switching between them being accomplished by applying a pulse of water to the on output.

But can we make a water pulse-jet version of the multivibrator oscillator, the electronics world’s classic symmetrically designed flip-flop oscillator? We’ll need to establish two similar water pulse-jet amplifiers, and then cross-connect them. But Stong showed that this gave a stable flip-flop, analogous to the electronic latch or memory flip-flop circuit in electronics. What needs to be done to render the flip-flop an oscillator?
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13. THE SLUGULATOR—NOT AN OSCILLATOR FOR THE IMPATIENT!



Ah, now! That odd time, the oddest time of all times, the time it always is . . . by the time we’ve reached the “w” of “now” the “n” is ancient history.

Michael Frayn, Constructions

There is a something undeniably fascinating about a slow clock. Perhaps it gives our short-lived human minds a glimpse into the aeons of existence of the universe. Or is it, as Michael Frayn suggests, that we think a slow clock will allow us to see that fleeting instant that lies betwixt past and future. Or perhaps it has to do with the age-old human obsession with perpetual motion. Even when not pursued in the interests of financial gain, perpetual motion has fascinated inventors since at least medieval times (see box).

The Slugulator is an RC electronic oscillator based on electrolytic principles that moves at a glacial speed. Its indicator LED will flash on only once every minute or two . . .

What You Need


A CA4140 operation amplifier

Four 1.2 V NiCd or four 1.5 V AA alkaline batteries and a battery box

A light-emitting diode (LED)

Alligator clips

A circuit board (strip board)

3 resistors (see circuit diagram on page 341)

A cup

Very dilute sodium hydroxide (NaOH)

Solder wire (or other materials)



What You Do

This project amounts to making a conventional relaxation oscillator and fitting it with a kind of chemical capacitor, a capacitor that has an astoundingly large effective capacitance value. For the moment, we can figure out what is going on by assuming that the circuit relies on a capacitance charging. Suppose that the output of the op amp is high at first, and that the capacitor is charging up. It will charge up until the voltage on the negative input exceeds that on the positive input, which is just the average of the output and ground; i.e., Vcc/2. Then the output will flip down and the positive input will go down to Vss/2, so that the circuit stays with its output down for a discharging period just as during the charging period. Then the process repeats itself as the output flips up and the capacitor starts to charge up again.


CLOCKS AND PERPETUAL MOTION

Perpetual motion was a declared goal of inventors for at least half a millennium, and maybe it still is for a few hopeless optimists. If what we mean by perpetual motion is creating limitless amounts of energy to be put to other purposes, it is of course impossible, a complete chimera. Perpetual motion, in the sense of an endless motion in a sealed system without effect on things outside that system is possible, though very difficult given the practical difficulties caused by friction. There have been clocks that have come pretty close to this goal. In the eighteenth century, a famous clock made by James Cox of London, was powered for some decades with no apparent power input, and it was not a fake. It used variations in atmospheric pressure to move mercury from one vessel to another, this movement in turn powering the clock. Today, Cox’s Perpetual Motion clock is in the Victoria and Albert Museum in London. But its perpetual motion has stopped—it would need a recharge of mercury—75 kg (150 lb) of the stuff to make it go. And mercury is both expensive and toxic.

The modern—and running clock—that most closely approaches the goal of perpetual motion is probably the Jaeger Atmos, which works on somewhat similar principles, employing small changes in the ambient temperature. Ingeniously, the small changes in air temperature are used to produce big changes in vapor pressure. A capsule filled with a vaporizable liquid powers the clockwork in much the same way as the mercury drives the Cox machine. The Atmos clockwork is a torsional balance wheel with just two oscillations per minute—very slow compared to a normal pendulum.




Hazard Warning

A splashed drop of even dilute sodium hydroxide (NaOH) can cause intense pain in your eyes and perhaps permanent damage, so wear safety specs. It will also make your fingers sore if you get the solution on them and don’t wash it off immediately. To be safe, wear rubber gloves while you are setting up the experiment, and make sure that the solution can’t spill.



Only a tiny amount of NaOH is needed—I used less than 100 mg (e.g., a 7 mm (1/4") diameter conical heap of tiny granules) in a cupful (~100 ml) of rainwater. I used rainwater so that I could be reasonably sure that the water contained little calcium (from the limestone in the ground) and chlorine (from the city’s water purification plant).

The circuit can be fitted with a capacitance of around 100–1000 µF to check it out. You should get the LED flashing regularly at a handy second or two per flash. If you look at the voltage on the capacitance, you will see it ramping up and down.

Now try the circuit out on sample metals. Cutting two strips that will fit neatly into the cup, fasten them on with the alligator clips and dip the metals in the dilute alkali in the cup. That 1" strip of solder wire can have a capacitance equivalent to 40,000 µF. This should give, in the circuit shown, a time constant of around 60–100 seconds. But the precise details of the metal you use, the strength of the NaOH solution, and the temperature will affect the results you get.

It is helpful to follow the charging of the capacitor to assure yourself that something is going on and that oscillations will continue. You will probably find, if you watch with an oscilloscope or datalogger, that the voltage on the capacitor discharges in two steps. These relate to the electrochemistry of lead and tin in the dilute alkali. The solder wire acts as a kind of lead-based storage battery, which simulates a capacitor of enormous effective capacitance. The real surprise is that two simple pieces of lead in the alkali will act so effectively, and that the process is so simple and apparently perfectly reversible. A standard lead-acid battery, apart from using acid instead of alkali, also has a complex structure of oxide or lead powder packed into gridded plates. But as we prove here, two pieces of wire work just as well for small charges, and in fact can be reversed a very large number of times.

[image: Image]

Try different electrolyte solutions. An obvious alternative—and less potentially harmful—is potassium or sodium carbonate. Does this work? Does it matter how far apart the electrodes are? Does it matter what supply voltage you use for the circuit? Try different metals. Does lead-free solder, which consists mainly of tin, work better than leaded solder? And what about pure lead, as used in old-fashioned roofing, does that work as well?

How It Works: The Science behind the Slugulator

We know that a short length of leaded solder wire will give a timing period equivalent to that of a 40,000 µF capacitor. This allows us to calculate whether the device we have made might actually be a capacitor.

[image: Image]

With wire 0.8 mm in diameter and 25 mm long, we have an area of 0.6 cm2. If we assume a dielectric constant of e, then we may calculate an equivalent capacitor insulator thickness, so long as we had a standard normal dielectric insulation capacitor with capacitance C, area A, and thickness d, where C is given by:

C = εo e A /d,

where εo is the permittivity of free space, εo = 8.85 × 10-12 and e is the relative permittivity of the insulator. e = 8 is a value typical of many minerals (such as tin or lead oxides) that possess no particularly large dielectric effect.

The ridiculously small value of the capacitor thickness that comes out of this calculation clearly indicates that the action must be electrolytic: the capacitor would have to have a dielectric film less than 1/1000th of at atom thick if a capacitor effect alone was responsible. Rather than being stored as electric charge on plates in a capacitor, energy here is being stored as chemical change. How much chemistry is going on? Well, knowing Avogadro’s number and the charge on the electron, we can easily estimate this. At a voltage of, say, 1 V, a capacitor of 40,000 µF stores a charge Q (equal to V C), which is just 0.04 coulombs, that is to say, 0.04/1.6 × 10-19, or 2.5 × 1017 electrons, which would correspond to 0.04 milligrams of lead, if each atom of lead stored two electrons.

The chemistry of the wire is a moot point. It could be that the energy is being stored in lead compounds, as used in the lead-acid battery first devised by Monsieur Planté, although here we are operating in an alkaline environment rather than with the sulfuric acid electrolyte used in actual batteries. (The chemistry of the Planté cell is discussed below in “Electric Bubble Memory” (“Geekonics”)).

You can model the Slugulator circuit with a spreadsheet simulator as shown in the figure on the facing page. Here the output of the op amp goes alternately positive (TRUE) and negative (FALSE), while the voltage stored on the plates of the cell goes up when the output is positive, and down when it is negative. In fact, the algorithm shows what happens when you trigger the op amp to switch state at about 8 V, and when the rate of voltage increase is proportional to the difference between the stored voltage and 10 V.

[image: Image]

And Finally . . .

Could you make an even slower Slugulator? With 250 cm (100") of wire, and a resistor (R) that is larger in value, say 10 times larger, a time constant of the order of 1 day could in theory be obtained. You would probably have to have a datalogger—or be enormously patient—to prove that such a slow oscillator was actually working. But is it really that simple: could the Slugulator work that slowly? And how accurate would it be?
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14. THE SLOSHULATOR—TIME FROM WAVES



The most exciting phrase to hear in science, the one that heralds new discoveries, is not “Eureka!” (I found it!) but “That’s funny . . .”

Isaac Asimov*

Ever since Archimedes’ day, time spent in bathtubs has been valuable to physics researchers. The (apocryphal) story goes that Archimedes finally solved a knotty problem that the king had posed to him while relaxing in the tub in ancient Syracuse.** When the answer dawned on him, he yelled “Eureka!,” leapt out of the tub, and ran naked through the streets. Go to modern Syracuse and you will find a stone bathtub celebrating that pivotal moment in history

Those of you who are reading this book in the bathtub are perfectly placed to carry out sloshing as an experiment. No further equipment is required. First put aside your copy of this book somewhere safely out of reach of possible slosh (i.e., not the bathroom floor or anywhere near the tub)! Now put your hands on the sides of the tub and push your body to and fro, up and down the bath a few inches as if you were pushing someone on a swing. If you get the frequency right—about once per second or a little slower—you will soon find the entire tub full of water that is going up and down with you, and after a few cycles you will have the water splashing out onto the bathroom floor if you are not careful.

In this experiment your body will be replaced by the intermittent whir of a propeller activated by a Darlington transistor that senses the water reaching the other end and switches the motor on.

Understanding the sloshing of liquids in tanks is critical in industry: it is a phenomenon that can be troublesome in tank trucks, for example. If a tank truck has a half load, the liquid can upset the stability of the vehicle when it is cornering sharply. Tank truck designs often feature special low-profile tanks, rather than tanks of the traditional cylindrical shape. In addition, plates full of large holes, baffles, are deployed to restrain the free movement of the liquid and prevent disastrous shifts in the center of gravity. In tanks aboard ships, there are similar troublesome phenomena. Spacecraft too, have to be designed to deal with sloshing. The fuel in a rocket is consumed extremely rapidly, so that the sloshing frequency changes equally rapidly over with time.

What You Need


A small glass tank; e.g., a Pyrex loaf pan, or, for a larger demo, a fishtank

A small 1.5/3 V DC motor (or a slightly larger motor for a fishtank)

A large-sized toy boat propeller on a shaft

A battery and a battery holder

Wire contacts

A transistor

Resistors (see circuit diagram on following page)

Relay

Diode



What You Do

Position the motor and the propeller toward one end of the tank and the contacts at the other, as shown in the diagram. The amplifier circuit simply activates the motor whenever the contacts are touching the water. The result is that the motor will switch on and run the propeller, which will set a tiny tidal wave moving toward the contacts end of the tank. When that wave bridges the contacts end, it switches the motor on. The motor stays on until the tidal wave has reflected off that side of the tank and has departed on its trip back to the motor end, at which point the contacts are once again clear of water, which allows the motor to switch back off.

[image: Image]

In this way, the system will oscillate at the natural sloshing frequency of the tank and water. The apparently feeble paddling of the low-power motor in water can build to build to a surprisingly high amplitude of sloshing. The reason for this is the high degree of resonation of the sloshing. When an oscillator goes on moving for many oscillations after the power to it has stopped, we say that it has a high quality factor, or “Q.” The relatively high Q of sloshing water is responsible for this resonant amplification effect.

You can set up the motor to drive water down and away from the end at 45 degrees, or you can mount it above one end so that it just pushes the water vertically down. Try draining the water out, or adding more, to see how this affects the sloshing frequency. If you have several tanks of different lengths, try these out.

You might expect that a larger tank would take longer to slosh, but is this true? And by how much? If you slosh a tank twice as long, does it slosh half as fast? Is the critical variable simply the time it takes for a wave to go up and down the tank? If so, you might expect a tank twice as long to slosh precisely twice as slowly. But is that what happens? Finally, try out different depths of water. Does depth make any difference?

How It Works: The Science and the Math behind the Shoshulator

Once the Sloshulator is running smoothly, the surface of the water is roughly flat: it simply oscillates in angle. This gives a clue as to how to calculate approximately what the slosh frequency might be. Imagine that the rectangular tank is length L on each side and W wide, and filled with solid clear water—I guess laymen would call that ice—or Plexiglass, up to a height (H). Further imagine that someone has cut a half cylinder L wide and W long from the solid water in the tank to leave an upside down arch of solid water. Now in your mind’s eye put the cylinder back into the upside-down arch, but leave some small bearings between the touching surfaces. The half cylinder can now swing to and fro, rolling on its bearings. This ice or Plexiglass half cylinder in our imaginary Gedankenexperiment† swings to and fro also just like a pendulum.

A simple pendulum consisting of a mass on a rod swings with a frequency given by [image: image] ~ [image: Image](g / R), where g is gravity and R is the pendulum’s length. In the case of our thought experiment solid water swinging in a solid water hole, the length is the radius of the cylinder. A little geometry will show you that R is given approximately for L2 / 8H. So we should expect that [image: image] ~ [image: Image](g H / L2).

The sloshing frequency can also be thought of as being related to the speed of shallow waves. A shallow water wave is a wave with a wavelength that is greater than the water depth (H). They travel at speed c where c = [image: Image](g H). As you increase the depth, the wave picks up speed. Now, given a particular wave speed, the frequency of oscillations will be equal to c divided by the distance the wave has to go, here the tank length. So we should expect that [image: image] ~ [image: Image] (g H)/ L; moving the brackets, we then have [image: image] ~ [image: Image](g H / L2), which is the same as our Gedanken solid-water cylinder rolling to and fro on its ball-bearings.

[image: Image]

And Finally . . .

Now that you have a tank that sloshes nicely, you can of course try to stop it sloshing. You might try out some the designs that inventors over the years have proposed for this purpose. Christian Krogull’s patent (US Patent #6,736,282), for example, describes a kind of ship-in-a-bottle, a device that you can poke through an opening in an existing fuel tank to convert it into an anti-slosh tank. Krogull’s device opens out a set of wide plates that connect to a damper and spring to dissipate sloshing energy.

Interestingly, although you might think of it as posing a problem, a sloshing tank can provide a solution. The swaying of a tall building can be reduced by installing a sloshing tank, with a specially tuned frequency, near the top of the building. This system has been tried in Japan. Professor Doktor Ingenieur Hans Ruscheweyh’s invention (German Patent #4418916), describes how such a tank can help damp out unwanted or even dangerous vibrations in structures. Could you use your Sloshulator to cancel out oscillations induced in an artificial structure of some kind?

Another thought: try sloshing using much of the same equipment, but with the water differently confined, for example to a U-tube made of large-bore pipe. This could probably be made to oscillate and would be clearly related to the Sloshulator if you used short, wide-diameter pipe that was pretty much the same size as the tank. But what difference to the frequency does the presence of all the extra surfaces and the shape of the pipe make?

Patents


Krogull, Christian. Device for reducing sloshing of fuel in a fuel tank. US Patent 6,736,282, filed June 12, 2001 and issued May 18, 2004.

Ruscheweyh, Hans and Constantin Verwieber. Vibration damper for structures which are at risk from vibrations. German Patent 4,418,916, filed June 4, 1993 and issued December 8, 1994.



* In Ashton Applewhite, William R. Evans, and Andrew Frothingham, And I Quote 2003), 467.

** The problem he solved was that of deciding whether a gold crown was solid gold, or gold over silver. The solution involved weighing and carefully measuring the rise of water level in a crown-sized bathtub.

† Einstein was famous for—among a few other things—his Gedankenexperiments, or “thought experiments,” which involved theoretically possible—but practically impossible—constructs, such as trains that travel at nearly the speed of light.
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1. THE TELEBUBBLEGRAPH—SENDING BUBBLY MESSAGES THE ELECTROLYTIC WAY



You have hissed all my mystery lectures. You have tasted a whole worm. Please leave Oxford on the next town drain.

Rev. William A Spooner

If you leave out the odd letter from a sentence, it rarely stops the listener from understanding what you are saying, although the Reverend Spooner did cause plenty of comic confusion with his famous slips of the tongue. In this project, letters form in an almost magical way in murky water. In this experiment, aided by the valuable human ability to see through a certain amount of error, you should be able to demonstrate a peculiar kind of telegraphy (long-distance communication). Curiously this system of telegraphy, or something very like it, could well have become the world’s first means of long-distance communication. Only the discovery of electromagnetic effects by Michael Faraday, Hans Christian Oersted, and others, allowed the production of more efficient electric telegraphs, leading ultimately to Coarse Mode* and global communications.

The seven-segment electronic display appears to have arisen in the 1960s, although there were earlier mechanical systems—as early as US Patent #974953 in 1908. The very first displays were based on the use of wire filaments. Tiny red-hot filaments, just like those used in light bulbs, but running at a somewhat lower temperature, could be used to create all the numbers from 0 through 9, and also a limited alphabet of other letters and symbols. The figure-eight formed by the segments could be leaned over to the right at the top to enhance visibility. Not long after the advent of these earliest displays, glowing gas discharge tubes came along, often based on the well-known principle of the neon-glow lamp. The much-easier-to-use light-emitting diode versions were invented next. LEDs are semiconductor devices that are more efficient and effective, and that can also be made to form a seven-segment format. Eventually, seven-segment liquid crystal displays were devised (see “Tricks of Sideways Light” in “Simple but Subtle”), which are the sort of numerical display most often used today, because they use almost no electrical power and can be run for years off a small battery.

What You Need


A power supply capable of at least 5 V @ 1 A

Salt, sodium bicarbonate, maybe copper sulfate, or other chemicals (see text)

A shallow bowl

A simple transmitter: a panel and seven switches

A fast transmitter: an old ballpoint pen for a stylus, a stripboard, drawing pins, and diodes

Stiff, insulated solid copper wire

Stiff, uninsulated solid copper wire for a counter-electrode

Eight wires long enough to connect the transmitting and receiving stations: multiple single wires, ribbon cable, or multi-way cable

Other connecting wires

 

Optional

A mirror, a little larger than the bowl



What You Do

The Receiver

The first job is to create your seven-segment display from the copper wire. Form the segments, making sure that only the segment itself is bare copper and that the rest is insulated. I used a piece of matrix board, basically a sheet of plastic with an array of holes in it, to aid in the assembly process, although there are other ways of doing this. You will also need a counter-electrode.

The counter-electrode should be positive, an anode. The anode will discharge the chlorine ions in the salt solution and will tend to be corroded and need replacement after a while. The hydrogen evolved at the cathode won’t do any damage to your carefully formed segments.

[image: Image]

The receiving electrodes need to be mounted so that they lie in a horizontal plane just a little below the surface of the salt solution in the receiving bowl. You can use a mirror mounted at 45 degrees to deflect the image to a horizontal plane—this will allow you to demonstrate the system to more than one or two people at once. The counter-electrode must be mounted to one side so that bubbles from it don’t interfere with the display bubbles.

The seven-segment alphabet is a little tricky to read until you get used to it. Although there are in principle 27 or 128 combinations of segments, only a minority of them resemble a letter of the alphabet closely enough to be readable. Below you can see my suggestion for this minimal alphabet. You can use ordinary letters at the transmitting end, of course, and you could provide a translation guide for the trickier letters like m, n, q, u, v, w, etc., next to the receiving bowl.

The Simple Transmitter

You can simply transmit on the seven wires with the aid of seven switches, perhaps placing the switches in position on a panel with a drawing of the seven segments on it. I used toggle switches for the seven segments, as these are easiest to mount. You will need in addition, a push-button switch wired into the common wire.

The Fast Transmitter

The simple system means that to send each letter you need to operate up to 8 switches. A much slicker system, although somewhat harder to construct, requires a set of 26 push-button switches. The fast transmitter sounds more complicated: 26 switches instead of 8! In operation, however, you only need to operate a single switch to send each letter, which is simpler and much quicker. You could use a junk keyboard from an old computer—or just a set of 26 drawing pins and a stylus, as in the drawing on the facing page.

The stripboard allows this system to be made quite easily, though you will need a certain amount of skill at soldering. The one-switch-per-letter system requires the use of a diode matrix. In essence, what we have made here is a kind of read-only memory or ROM. We address locations in the ROM with the 26 switches, and the data—the ONs and OFFs needed for the display—comes from the 7 output busbars on the stripboard.

Now that you have both a transmitter and a receiver, you will need to wire them up, using either multi-way cable or 8 separate parallel wires: one common wire and 7 segment wires.

Switch on Time

Set the power supply to 5 V or so. With luck, when you press on a drawing pin with the stylus, bubbles will rise to the surface of the receiving bowl, forming the shape of the transmitted letter. If you find the stream of bubbles too feeble, turn up the volts a little. You shouldn’t need more than 12 V. The more power you use, the more rapid the stream of bubbles you will get, and the larger will be the display you can use.

As you use the system over a period of time, you will find that the solution will turn turbid and slightly blue, on account of the dissolving copper and the calcium salts in the water. This doesn’t matter, and in fact it generally improves the visibility of the system. You will also notice a slight, unpleasant chlorine smell coming from the bubbles arising at the counter electrode. Don’t sniff too closely—chlorine gas is poisonous—although in the small quantities present here, it won’t do any harm.

Try sending a few words, and writing down the received words on a pad as you go. You will find that although you may make mistakes with some of the letters, the words are rarely difficult to make out—despite the odd Spoonerism.

[image: Image]

Now try using different salts in the receiving bowl. Rather than table salt, try using sodium bicarbonate. You won’t have the problem of the chlorine smell, but you may find that you need a higher voltage to get enough bubbles.

How It Works: The Science behind Telebubbles

The efficient creation of bubbles by an electric current that is needed for this demonstration depends upon water that conducts electricity reasonably well. Water with common salt (sodium chloride), is a good choice as a concentrated salt solution will provide conductivity. However, it does have the distinct snag of producing small amounts of chlorine gas, and chlorine is both toxic and corrosive. Although not harmful in the small amounts produced here, it doesn’t smell so good, and it will oxidize and corrode the electrodes badly. Sodium bicarbonate avoids these problems and can provide reasonable conductivity—albeit not quite as good as sodium chloride. By using the positive electrode for the seven segments and keeping the negative electrode (anode) for the counter-electrode, you get slightly clearer results, with twice as many bubbles of H2 as of O2, which you can clearly understand by looking at the overall result of the electrolysis reaction:

2 H2O → 2 H2 ↑ O2 ↑.

The diodes in the single-switch transmitter provide a blocking function, so that only the required segments are powered. Without the diodes, you would be connecting many of the segments together, and as a result when you applied current to the single switch, too many segments would switch on. We use diodes for the same sort of reason later in the Red-Hot Memory experiment. Read-only computer memories (ROMs) have been designed, also using diodes. Fuze-programmable ROMs and some mask-programmed ROMs for computers are examples.

And Finally . . .

Can you come up with any ways to improve the Telebubblegraph? Could you, for example, improve its readability? The addition of something that would enhance the contrast between the bubbling solution with the normal solution might be one route to take. Try adding something that adds to the turbidity of the solution in the receiver bowl. Perhaps something like milk. With enough turbidity, you won’t see the electrodes at all, just the lines of bubbles. Perhaps try adding a colored solution as well—maybe a food coloring—to the turbid solution. In this way, the tiny electrolysis bubbles will look white against a solid colored background on the surface of the solution. Why are they white? Well, the tiny bubbles scatter light intensively, so that the light doesn’t go though much of the solution, and therefore the food dye does not have the chance to differentially absorb one frequency of light instead of another; all of the frequencies of light are reflected, and the reflection looks white. It’s a bit like bending a piece of colored plastic sheet along a line sharply. When you do this, you can see where the plastic was bent highlighted in white. In this case it is the microcracks formed by the bending that scatter light so that it doesn’t penetrate far enough to become colored and the reflected light comes back almost white.

Another way to achieve better readability would be to modify the character set. There may be a better configuration than a seven-segment system for generating both alphabetic and numeric characters. After all, the seven-segment system was designed only for numbers. Additional segments wouldn’t necessarily need to be horizontal or vertical. They could be diagonal, thus improving the visibility of letters like “Q,” “K,” or “R.” In fact, one of the oldest display systems, patented by a guy named Frank Wood, was for an eight-segment display that used a diagonal from center left to top right to better display the figure “4.”

But of course adding another segment would mean adding another transmission wire. Which would mean a heck of a lot of extra wire if you were sending over a large distance. Another possibility would be to add more segments, but to switch these on and off with other segments, so that you wouldn’t need to increase the number of transmission wires needed. For instance, if you look at a seven-segment display of numerals, you will see that you could make it work with only 6 wires, because you could wire the top and bottom horizontal segments together so that they go on and off together.

Common alternatives to the seven-segment display are the starburst display and the 7 × 5 matrix. Better alphabets can be achieved with these systems, albeit at much higher cost in wires and segments (13 wires and 35 segments in each case, although of course in the latter case not all of these need to operate independently). There was for a while a nine-segment display called a Panaplex, which has not withstood the test of time. Maybe some of these will give you a clue to a better system.

How about size? Just how big could the system be made? Could you construct a large enough Telebubblegraph to make a scoreboard for a sports field? And what about alternative electrochemistry?** If you can fabricate small carbon electrodes for your seven segments, then by using copper sulfate in the receiver bowl and reversing the polarity of the connections you will have a system that evolves only hydrogen, simply plating copper out on the counter electrode.

Patents


Ayers, William M. Method and apparatus for the electrolytic preparation of group IV and V hydrides. US Patent US5,158,656, filed March 22, 1991 and issued October 27, 1992.

Wood, Frank W. Illuminated announcement and display signal. US Patent 974,943, filed June 17, 1908 and issued November 8, 1910. Seven-segment display with an extra diagonal for displaying figure “4.”



* Or maybe I meant Morse Code.

** You could also try using a potassium hydroxide solution (be careful, caustic potash will burn your fingers) and a molybdenum counter-electrode. I used this kind of electrode in a project I worked on. We wanted to supply the highly dangerous gas arsenic trihydride or Arsine, AsH3, used in the semiconductor industry. By making the gas only in small quantities by electrolysis just when it was needed, the hazard of having a lot of the gas stored in a compressed gas cylinder could be completely avoided. However, the electrolysis of KOH with a carbon electrode and an arsenic electrode produces oxygen and arsine at the respective electrodes, and they could react explosively. So we used a system devised by William (Bill) M. Ayers using a molybdenum counter-electrode. Surprisingly, molybdenum generates no oxygen during electrolysis, producing a black solution instead.



2. THE TOUCHY-FEELY SENSOR—PUTTING A NUMBER TO HOTFEELINGNESS AND COLDFEELINGNESS



“Che gelida manina,

se la lasci riscaldar.”

[Your tiny hand is frozen,

let me warm it for you.]

Guiseppe Verdi, aria from La Bohème

Go to a hot dry place like Phoenix, Arizona, and it generally feels a little cooler than New Orleans, even though the thermometer will tell you that Phoenix is hotter. It comes down to humidity. In a Finnish sauna room, it only takes a moment to try this out. Warm the sauna up to a comfortably hot temperature, then splash a little water onto the hot stones—and it will feel a whole lot hotter almost instantly, even though the thermometer says it is cooler. This is because the human body relies on the evaporation of sweat from the skin. The higher the humidity, the less you are able to evaporate sweat into already moisture-laden air, and the hotter you feel. In fact, a heat index number can be calculated, based on multiplying measured temperature by relative humidity, that gives a quantitative value to this subjective feeling.

We are perhaps more familiar with the concept of a wind-chill temperature. If you stand in the wind on a cold day, you feel colder than you would at the same temperature in still air. This is because the human body has to be kept warm, so we are built to sense how much heat we are losing rather than the temperature of the air. When the wind blows, it transfers more heat from our skin, and we feel colder.

This is a subjective experience, but you can put a number to it. In fact the wind-chill temperature is a simple calculation based only on measured temperature with an amount subtracted that depends upon wind speed. But this is not the only other possibility.

It is everyday experience that when you touch a surface made of metal, it feels colder—much colder—than a surface that is made of, say, expanded polystyrene. Why is this? If the metal and the polystyrene have been sitting in the same room for hours, they will in fact be at the same temperature. You can prove this quite readily by measuring their temperature with a thermometer. So what is going on? The Cooltouch Sensor will provide us with an answer . . .

What You Need


A 741 (or other) operational amplifier

A circuit board matrix (stripboard)

Resistors

A 1000 ohm NTC thermistor

Wires, etc.

A polystyrene tile

A DC power supply: e.g., 30 V, either a lab-type variable supply, or a discarded plug-in power pack, or just a bunch of batteries (the exact voltage does not matter)



What You Do

First, you’ll need to build the heart of the Cooltouch Sensor, the circuit shown in the diagram. Remember that the stripboard tracks have to be cut beneath the eight legs of the op amp. Leave the thermistor on long leads so that it can be placed centrally on the expanded polystyrene test tile. Ensure that you have connected everything correctly and that there are no short circuits such as solder bridging between adjacent tracks.

The thermistor is a resistor whose resistance varies with temperature. NTC stands for negative temperature coefficient, meaning that the resistance falls with increasing temperature. The NTC thermistors commonly available come in many different room temperature resistance values, from just a few ohms up to hundreds of kilohms, but they all follow a similar variation with temperature, relative to their room temperature value.

[image: Image]

The rest of the circuit is a feedback amplifier circuit. The difference in voltage between the sides of the bridge is fed to the inputs to the 741 op amp in such a way that it is maintained at a constant temperature. If the thermistor is cooled beyond what is normal, its resistance starts to rise. This results in an unbalance in the bridge, and the amplifier applies an increased output voltage to the entire bridge. This in turn results in more power in the thermistor, heating it, reducing its resistance, and rebalancing the bridge. The whole process takes just seconds, the thermistor stabilizing at its constant temperature but with increased power.

With the circuit values shown, the temperature should turn out to be about 35°C, which you can check if you have a small electronic thermometer like a thermocouple. The sensor is most easily mounted in the middle of a polystyrene tile, which then becomes the bottom of a kind of sandwich formed by the thermistor and the surface being tested, which sits on top of the thermistor.

You should now be ready to test out various different surfaces to see how warm or cold they really are. Assemble a spectrum of samples, ranging from excellent insulators like expanded foam, through intermediate materials like wood or brick, to metallic thermal conductors like stainless steel or copper. The samples should be flat so that they can be contacted easily on the sensor, and they should be reasonably thick. To even out the effects of pressing harder and thus changing the thermal contact area, you should ideally ensure that the force between the test surface and the sensor is the same in every test. So fix on a reasonable weight, say 1 kg (2 lb), weigh the piece of surface under test, and then add weights on top to bring the total up to 1 kg.

What do you find? Is a “cold” metal like copper really cold when measured by our Cooltouch Sensor? Is a “warm” surface like foam really warm? And just where in between do those in-between materials lie?

How It Works: The Science behind the Cooltouch Sensor

The human body’s chemistry is designed to maintain a rather constant temperature. Despite sitting in sun or shade, sleeping, or running around, our bodies, at least a millimeter or two beneath our skin, keep a remarkably constant temperature of around 36°C. The surface of our skin, however, when pressed onto an object, will rapidly cool (or heat) to the temperature of the surface of that object. Just beneath our skin there are temperature sensors that measure any deviation from standard body temperature.

So when we press a hand onto a cold surface, the temperature sensors in our fingers register coldness. If the surface is highly thermally conductive, lots of heat is conducted away from our fingers, and the layer beneath the skin where the sensors are is cooled a lot—it is cold. An otherwise identical surface that is thermally insulative will not conduct much heat away from the fingers and the layer in the fingers that contains the sensors won’t cool much at all. In fact, the heat from inside our finger will warm up even the skin surface and the surface we are touching. So we don’t feel cold. In effect, our skin sensors measure heat flow—heat flow going out means cold, heat flow coming in means hot.

The combination of temperature and thermal conductivity explains most of the results we see. Metal that seems cold in an ordinary room can seem warm if it is part of a heated device like a motor or engine, or if it is sitting in bright sunlight.

Wet surfaces seem cold because the water helps to make a better thermal contact, and because, if you are outdoors, the water may have been evaporated by the wind, resulting in significant cooling through latent heat effects.

There is yet another effect that influences perceived temperature; namely, the heat capacity of the surface. Surfaces with a large heat capacity, when cool seem cool, despite their relatively low thermal conductivity, because they take quite a while to warm up, and we often don’t wait that long. Compare, for example, marble and stainless steel:

 

[image: image]

A slab of marble can feel cooler than a stainless steel surface, because although the latter has much greater thermal conductivity, it has a large heat capacity and stays cool long enough for us to be fooled into thinking that it is a cool material with a large thermal conductivity.

Our sensor tries to measure the subjective feel of coldness or hotness of a surface in a way that corresponds to our everyday sensing of surfaces with our hands, but of course allows us to assign a quantitative value to what is normally only qualitative. The Cooltouch Sensor has some precedent. A patent by Messrs Fleischer and Lampe (see “References”) describes a temperature sensor for buildings that attempts to take into account subjective coldness. It considers not just air temperature, but also airflow and the heat from sunshine, both of which can affect our subjective experience of temperature.

Here is a table of output voltages recorded on common materials with the sensor as described. The thermal conductivity is in units of W m-1 K-1 or equivalently W m-1 C-1. The ranking seems to accord roughly with what a few people I have asked thought were cold and hot surfaces, and also with the actual sensations that I and others experienced when touching the surfaces on which the sensor was tried.

The thermistor suggested is probably the simplest low-cost sensor for temperature. It also provides a built-in capability to be heated electrically. You could try a different sensor, like a thermocouple with a resistor to heat it, or perhaps just try a different thermistor. The thermistors suggested above have variation of resistance (R) with absolute temperature ([image: image]) as follows:
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R = A e B/T,

where A and B are constants. The A value depends upon what room temperature resistance you have chosen, while the B value is often 3000°K or 4000°K. A typical response would be as follows:

[image: Image]

And Finally . . .

There are other things that feel cold that you can test with the Cooltouch Sensor. What about solvents like alcohol, ether, or acetone (nailpolish remover)? These all feel cold when you spill them on your skin. You will need to devise a suitable test arrangement. You will need to retain a film of the solvent for a few tens of seconds, so a flat test surface won’t work. And the expanded polystyrene tile suggested above would dissolve in ether or acetone! So you will have to invent a whole new variety of Cooltouch Sensor.

The question arises: could the sensor be used for other purposes as well? Could it, for example, help to diagnose medical conditions that involve changes in blood flow in the skin, such as Reynaud’s phenomenon? Could certain fever conditions be detected more easily, or could the sensor be used to measure fevers in hot weather, which can cause misleading readings on a simple thermometer? Would it be useful to combine the Cooltouch Sensor with other tools, such as Doppler ultrasound, to measure blood flow?

Moving from medicine to forensics, we note that lie detectors work by sensing changes in the skin, as well as in the heart rate. Could the Cooltouch Sensor, by sensing changing blood flow in the skin, also act as a lie detector, or at least, one element in a lie detector?

Patent


Fleischer, Maximilian and Uwe Lampe. Sensor assembly for measuring a subjective temperature. World Patent 2007131998, filed May 17, 2006 and issued November 22, 2007.





3. FIRE WIRE—FINDING FIRE ALONG A WIRE



Burn all, burn everything. Fire is bright and fire is clean.

Ray Bradbury, Fahrenheit 451

Fire has been vital to civilization ever since the Stone Age. It is with fire that we keep ourselves warm in winter, it is with fire that we create iron and steel, chemicals, and many of the materials of everyday civilization. But mankind has an ambivalent relationship with fire. It is also the destroyer of lives, of houses, of works of art, and also, occasionally, of knowledge. In Bradbury’s dystopia, books are targeted for burning and firefighters set fires rather than putting them out.

All this history means that the detection and location of fires has been studied for a long while. The Victorian period saw the first attempts to install fire prevention hardware in buildings, starting with theaters. Sir William Congreve—the same fellow who invented the clocks and the rockets (seen elsewhere in this book) devised a system for the Drury Lane Theater in London. Automatic systems of a kind still in use today came on the scene in the early twentieth century. They consisted of glass sensor vials filled with liquid and designed to explode. When exposed to heat, the liquid boils and vapor inside the vial builds up to a huge pressure, which blows the glass apart. This releases a powerful spring that opens a valve, allowing a pressurized water supply to spray the fire.

The use of fire detectors has revolutionized aircraft fires. First tested in wartime aircraft, in-engine fire detection—and its corollary, in-engine fire extinguishing—has allowed aircraft to reach ever higher levels of safety. Fire detector tubes have been used inside turbine engines for many years now, and there are also optical fiber-based fire detector cables that can be strung around huge industrial sites to monitor for fire. Minute reflections of the pulsed laser beam beamed down the fiber cable can be sensed, and the position of those reflections calculated by timing them relative to the transmitted pulse, like a kind of radar. This, however, is highly sophisticated technology, requiring powerful lasers and high-speed (nanosecond) electronics. The system we are going to put together in this experiment accomplishes much the same objective, but it is a little simpler and just a bit less expensive . . .

What You Need


A used electric heating element: the metal-jacketed type used in domestic electric grills and ovens

A small gas burner of the kind used for plumbing

A multimeter set to a small voltage scale (e.g., a millivolt scale)

Resistors, wires, etc.



What You Do

Heating elements of the type used in domestic ovens consist of a metal jacket made of a nickel-iron alloy, with magnesium oxide powder inside that acts as electrical insulation, as well as a filament of tungsten down the middle of the element. The whole device is sealed with ceramic insulating feedthroughs at each end, so that no air can get to the tungsten while it is hot (air would oxidize it). As normally used, the element is operated by passing an electric current from the mains down the tungsten filament. The filament then glows red hot, and the heat is conducted by the magnesium oxide, which although an electrical insulator, is a relatively good thermal conductor. The magnesium oxide insulation around the axial filament is a slightly imperfect electric insulating material however, and this is the key to the operation of our fire locator..

The ready-made box of tricks in the heating element means that you don’t need to do anything to it—it already is a fire locator. But if your test element is a tortuous shape, you may find it convenient to straighten it out. You can do this by heating each bend in the element very strongly with a burner. What we are trying to create here is essentially a potential divider or potentiometer circuit, with two halves of the divided resistance formed by the tungsten filament, with the division point, the “wiper” position of the potentiometer provided by the point where the flame “short circuits” the tungsten filament to the outer metal jacket of the element.

[image: Image]

The battery is connected by a suitable resistor to the element-end connectors so that there is an appropriately low voltage across the tungsten. Select a resistor such that the full voltage across the element gives just a convenient full-scale deflection—like 100 mV, indicating the fire position as a percentage along the heating element. The meter is then connected to ground and to the metal jacket of the element.

You will find that the meter will tend to read a rather low value at this point. But, of course, with no fire—no point of the element that is being heated—there is no defined indication. The indicated voltage will only give the fire position once you heat the element.

Support the element so that you can heat any part of it strongly without toasting anything that you should not be toasting. Now, take the small burner and heat it in one spot for 20 seconds. You should see the meter rapidly swing up to a value that is proportional to the distance along the element of the position you heated. If this doesn’t happen, then you may have an element with an oxide insulation that has an unusually low conductivity, or your meter may not be very sensitive. You could simply try a different heating element and/or a different meter. The other way around this would be to employ the operational amplifier follower circuit, as shown in the circuit diagram on the following page.

The follower circuit works by having 100 percent negative feedback: the output is connected to the negative input. The function of an op amp is to swing its output until the two inputs are at the same voltage: follow that function logically in the circuit and you will see that the output should just follow the input exactly. Why bother having an amplifier that doesn’t do anything? Actually, it has done something: the inputs to an FET op amp of the sort suggested take more-or-less no current—current in the nanoamp region or less. This means that the follower circuit can follow the voltage on the Fire Wire without drawing appreciable current, which is important given the very low conductivity of the magnesium oxide sensing element.

[image: Image]

As discussed, the system only tells you where a fire is if there is a fire. It doesn’t tell you whether there is a fire or not. You could extend the principle of the fire locator by providing a FIRE/NO-FIRE indicator, which could then be switched off so that the fire locator could be deployed after FIRE had been indicated. This could be achieved by simply applying a voltage between either end of the tungsten element and the metal jacket and measuring the current flowing with the multimeter set to a microamp scale. A multi-way switch could then be used to switch to the potentiometer mode to find the fire location, as shown in the diagram.

But maybe you can devise a system that simultaneously indicates both the location and whether there is a fire?

How It Works: The Science behind Fire Wire

The conductivity of insulating oxides at high temperatures depends upon the slow migration of ions, such as O2- ions, through them. It is this property that causes the wire to weakly conduct through the oxide to the casing of the element, forming, in effect, the wiper of a potentiometer. Electrical conduction most often takes place in metals. Metals have an array of ions—atoms missing one or more electrons—with, floating between them, a sea of more-or-less free electrons. Apply a small electric field, and those electrons will easily drift along, giving metals a very low electrical resistance. And there are so many electrons that they don’t have to move very fast. An ordinary-ish sort of current, say 1 A, down an ordinary-ish sort of wire, say 1 mm in diameter, has electrons speeding along it at just 1 centimeter per second.*

Unlike metals, insulating oxides have no free electrons floating in their chemistry. Their constituent ions are arrayed in a mostly regular lattice. They are tied down and keep a tight rein on all the electrons present. There is no sea of free electrons. Instead, if we want them to conduct, we have to heat them to the point where a whole atomic ion can hop from one vacancy in the lattice to another. There is a barrier—a certain minimum activation energy—that the ion must be able to pass. The thermal energy must, thus, be sufficient to allow a tiny proportion of the ions in the lattice to overcome the barrier. As a result of this, the ionic conductivity of most solids increases exponentially with absolute temperature. At lower temperatures it is very low; even at modestly elevated temperatures, the conductivity is often a million times less than that of a metal. This is why it is important in “Fire Wire” to heat the tubing strongly. A small increase in temperature can lead to a big increase in conductivity.

The activation energy of magnesium oxide ionic conduction has been measured to be in the range of 2.2 to 2.8 electron volts.

Michael Faraday worked on silver sulfide in the nineteenth century and showed that it behaved in general like a liquid electrolyte: Ag+ silver and sulfide S2- ions could migrate under an electric field, discharging metal and sulfur at the electrodes in the expected very small quantities. In the twentieth century superionic conductors were studied. Silver iodide, for instance, is one of the most conductive ionic solids known—at a temperature a little above the boiling point of water the material undergoes a transition from a normal more-or-less insulating solid to a conductor with conductivity comparable to that of an electrolytic liquid like an acid or alkali solution.

The following table shows the figures from a manufacturer (Morgan Ceramic) of magnesium oxide ceramic insulation. The first column is the absolute temperature; the second is the resistivity of the ceramic in ohm centimeters. The next column is the inverse of this, the conductivity. The conductivity increases steeply with temperature—more than a factor of 10 times for every 100 degree increase in temperature.

[image: Image]

The last two columns show the natural log of the conductivity, alongside a theoretical calculation of the same quantity, showing how well the theory of exponential increase in conductivity fits with an activation energy (Ea) equal to 2.2 electron volts. The simple activation energy theory would predict that C ~ exp(-Ea/k [image: image]), where k is Boltzmann’s constant. Clearly, if you plot these two last columns against 1/[image: image] you get a straight line.

Ionic solid conductors are just now the subject of much research, as they have potentially huge applications in the design of large-scale electric storage batteries of the kind that will be needed to power electric vehicles. They can provide a solid electrolyte in high-energy batteries, where aqueous electrolytes would react with the battery materials. They can also be used as electrodes for advanced batteries, offering better resistance to corrosion than many metal electrodes.

And Finally...

The heating element makes a convenient ready-made fire locator, but one that is not particularly sensitive. How could you make a more sensitive system? You might, for example, make a detector system based on separate elements rather than a continuous detector. Negative temperature coefficient (NTC) resistors, also known as thermistors, for example, could be used as the basis for such a system if you connected them like a ladder. Connect power to a set of small-value resistors that form one side of the ladder, and to a continuous wire on the other side of the ladder. Each of the many rungs consists of an NTC connected across the ladder.

Heating any one of the NTC thermistors will result in it switching state to conductive. The resistivity of the resistors to either side of the short circuit will form a potential divider, just like the casing and tungsten filament of the heating element, giving the heat position. This will work fairly well provided that the decrease of resistance with temperature for the NTC thermistors is very steep.

An alternative device might be the Polyswitch or Polyfuse manufactured by Raychem. Polyswitches are an extreme example of a positive temperature coefficient (PTC) resistor. In “Red-Hot Memory” we will look at how PTC thermistors can be used to make a kind of electronic memory. They consist of minute granules of conductive carbon-loaded plastic, packed together with nonconductive granules. When below a certain critical temperature, the whole device becomes a reasonably good conductor. The sharp switch of conductivity with temperature is exactly what we want. But the PTC mode is NOT what we want. We could of course detect cold spots in a heated chamber with Polyfuses connected in a ladder as described for the NTC thermistors, but this isn’t quite as critical an application as fire detection. Is there an alternative circuit configuration that would deal with the problem of finding fires with PTCs?
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Exploding fire-sensing bulbs for use in sprinkler systems.



*This isn’t the speed of electric signals, however. Electric signals travel at nearly the speed of light down the right sort of cable. Think of a row of small steel ball bearings all lined up next to each other in a row in a u-channel. Push on one end, and keep on pushing. The last ball, the ball at the other end, begins to move almost instantly (actually, after a delay from the speed of sound in steel). But wait for the first ball, the one you pushed, to come out, and you will find that it is a whole lot slower.



4. ELECTRIC BUBBLE MEMORY—MINUTE ELECTRIC CELLS KEEP YOUR 1s AND 0s SAFE



Reg . . . had a memory that he himself had once compared to the Queen Alexandra Birdwing Butterfly in that it was colorful, flitted prettily hither and thither, and was now, alas, almost completely extinct.

Douglas Adams, Dirk Gently’s Holistic Detective Agency

The central processor unit is usually thought of as the real brains of a computer: the place where instructions are processed, where data is added, multiplied, or otherwise manipulated. However, it is to a less glamorous part of the computer, the memory, that much of the ingenuity of the global computer industry has been devoted over the years.

Early computer designers, for example, swiftly adopted the spinning magnetic disk as the main memory system. Although it has been through many generations of development, we still use this basic system today. It is capable of storing almost unimaginable amounts of data. But it has an Achilles heel: it is a mechanical system. Physical parts can’t move as fast as an electron, so you can’t get at the data instantly. You have to wait until the disk turns around to the right place, and then you have to swing the data-reading head to the correct radius.

To get ultra-rapid access to data in a computer memory, the memory must be purely electronic, a set of circuits that operate almost instantly. Since the 1970s, data has been stored on semiconductor integrated circuits. Inscribed onto slices of pure single-crystal silicon, these circuits must be manufactured in billion-dollar wafer fab factories. Machines the size of an elephant costing multimillions of dollars—industry insiders refer to them in an understated way as “tools”—are used for each stage of a 50+-step process that takes place in a cleanroom, an environment many times cleaner than the cleanest hospital operating room. The semiconductor memory or RAM (random access memory) of a computer would ideally contain all the data that the computer needs. RAM memory has none of the access limitations of a disk drive: it can be accessed in a matter of a few tens or hundreds of nanoseconds typically, and, as the name suggested, any location can be accessed within that time. RAM memory has developed over the years until today a memory cell occupies a space only a micron or so wide, and memory capacities on the order of tens of gigabytes (1011 bits) are commonplace. In this experiment we will look at a curious way of storing data in much the same way as RAM works, but using only parts that you can find in your garage, and you won’t need a billion-dollar clean-room either . . .


COMPUTER RAM MEMORY

Dynamic RAM memory can be achieved using a single transistor cell. A field-effect transistor is produced for each bit of the memory, with its gate voltage supplied via a capacitor. The capacitor can store either a high or a low electric charge, and the voltage value constitutes a single bit of memory. This capacitor cannot store a voltage indefinitely: the electric charge on it will slowly leak away. This might sound like a severe disadvantage, especially since the charge will typically leak away in a matter of a fraction of a second. Surely, you might think, a computer memory that fades away in less than a second must be useless. Not so, in fact. The charge can be renewed or “refreshed” every few milliseconds or seconds, which is why the word “dynamic” is used to describe it. A specially designed circuit in a dynamic RAM system periodically locks out access to the memory while each bit is read and then written at full voltage back into the location from which it came.

Static RAM memory is made using a multitransistor cell that employs a flip-flop, or bistable, circuit. In a bistable, there are two identical transistors in the actual memory cell. At any one time, the first transistor is switched ON, and it holds the second one OFF, while the OFF transistor in turn holds the first transistor ON. The circuit is symmetrical, however, and it can be switched over by subsidiary steering transistors or diodes, so that the second transistor is ON and the first is OFF. So where is the memory stored? The memory actually consists of small amounts of electrical energy in the transistor and circuit capacitances: in the ultimate limit, in fact, the static RAM cell also stores energy in a capacitor as a memory. So you might say that a static RAM memory can be considered to have a refresh circuit built into every bit, rather than having a refresh circuit applying to many bits like a dynamic RAM.

We can read the entire history of computers by tracking the memory over time and noting important milestones in its development: the size of the memory, the speed at which it can be accessed, how much power it consumes relative to its size, and its physical size. The capacity of memory chips (silicon integrated circuits or ICs) has increased roughly a factor of two every two years, an instance of Moore’s famous law.



Moore’s Law states that every two years the complexity of the average commercial computer increases by a factor of two. The law—(it’s not an actual law of nature of course)—seems to apply to the behavior of the computer industry since 1965 or so right up until the present day (2012). Gordon Moore, the eponymous originator, and Professor Carver Mead, who popularized the notion at the Intel Corporation, were referring to the number of transistors on a silicon integrated circuit. But Moore’s Law holds true for the rapid development of memories as well.

What You Need


A lead-free solder wire

Sodium bicarbonate

Glass

Wires, alligator clips

A 9 V (e.g., PP3) battery

An electronic multimeter

 

Optional (to log data)

A datalogger or a multimeter with a logging option

A computer

 

Optional (for multi-cell memory)

A set of 9 or 16 small tumbler-type glasses

18 or 32 500 k resistors

Bolts (to act as terminals)

More wires and wood



What You Do

Mix up a fairly dilute solution of sodium bicarbonate in water—just a gram or two of NaHCO3 in 100 cm3 of water will be plenty. Put two lengths of solder-wire into the glass, hooking them over the rim to prevent their falling in, and voilà!, you have your electrolytic cell with its electrodes. You then need to wire up the data-logger or multimeter set to a 0–1 or 0–10 V or so range, using alligator clips on the wires. You should see a voltage of a few tens of millivolts at first.
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Now connect up the 9 V battery briefly, for just a couple of seconds, to the wires. You should see the voltage indicated rise to about 9 V, of course, since the solution you have made will conduct only a small current which the battery will easily supply, so you should see its full voltage. But after you have disconnected, you will see the voltage fall quickly to 1 V or so, then slowly on down to about 0.4 V. Look carefully, and you will notice that there is also a change in the solder wires. You should see, even after a second or two, a slight milky-white mist over the wire’s surface, caused by minute bubbles. Leave the battery connected for longer and you will of course easily see the bubbles forming and then rising to the top of the glass.

Now try connecting the battery briefly the other way round. You will see the same effects but in negative voltage. This shouldn’t be a surprise. After all, the cell is symmetrical. Finally, try shorting out the two electrodes momentarily with a wire. After dropping to zero during the short circuit, the voltage will rise—to about the 0.4 V (or –0.4) that you see when you let the voltage just drop of its own accord. If you leave the cell alone for two or three hours, you will find, perhaps surprisingly, that the voltage doesn’t fall very much—it will stay at about 0.4 V.

The phenomenon we are observing here is the storage of tiny amounts of energy on the surface of tin-wire electrodes submerged in a water-based solution. This stored energy is enough to register on the voltmeter for many hours, because the electronic voltmeter or multimeter draws only a microamp or so of current. It is stored in the form of the chemical energy of gas bubbles, liquids and solids on the surface of the electrodes, or dissolved in the water (see the Science and Math section below for a discussion).

What other wires could you use? Stainless steel wires, for example, or wires made of copper, zinc, aluminum, or iron should be readily available. What about trying different materials dissolved in the water, different electrolytes? You could try water, but pure water is not very conductive. Truly pure water has a resistivity of 18 MΩ cm. Salt, of course will render water conductive, but the electrolysis of sodium chloride yields chlorine gas at the positive electrode, and although the quantities we are making here are tiny, it is a oxidizing gas, which will corrode the metal wires.

How It Works: The Science and the Math behind Electric Bubble Memory

As we discussed, the electric energy of the memory cell can be stored in the form of gas, liquids/solutions, or as materials absorbed into the solid surface of the electrodes. In a fuel cell, for example, the energy is stored as gas. A fuel cell can be reversed to act an electrolyzer, splitting hydrogen and oxygen out of water:

2H2O → 2H2 + O2

When you stop electrolyzing and use the fuel cell as a power cell, the reverse process happens.

Similarly, with lead electrodes in sulfuric acid, you will end up with the lead-acid battery system first devised by Gaston Planté. When a Planté cell is charged, lead dioxide is deposited on one electrode, while lead is deposited at the other. On discharge, the lead dioxide is turned to lead sulfate, as is the lead electrode. Here are the chemical reactions that take place during discharge:

Anode: Pb + HSO4- → PbSO4 + 2e-

Cathode: PbO2 + 3 H+ + HSO4- + 2e- → PbSO4 + 2 H2O

The reaction supplies a stream of electrons at an energy of 2 V. John Stauffer (see “References”) says that in a lead-zinc battery with an alkaline solution, lead dioxide is formed on charging, which changes back to lead monoxide on discharge:

PbO2 + H2O + 2e- → PbO + 2OH-

Zn + 2OH- → ZnO + H2O + 2e-

There will be similar reactions in our bicarbonate solution.

And Finally . . .

A Multi-Cell Memory

A computer with a 1 bit memory would not be much use, of course. To be useful a memory must be consist of many cells capable of operating together and capable of being accessed efficiently. If a memory cell can be addressed on an X-Y grid, this offers huge economies of scale in the number of access circuits needed. In a small memory, the advantage appears minor: With a 16-bit memory, for example, you need 4 X and 4 Y address circuits, so you only save 50 percent over the 16 address circuits you would otherwise need.

But suppose you have a 1 million bit (1 megabit) memory? If you can address those 1 million cells with an X-Y grid, you only need 1,000 X and 1,000 Y addressing circuits—2,000 in all. That’s a saving of 998,000 address circuits, or 99.8 percent!

Here we can create an X-Y grid of sorts by using resistors to limit the current and by simply tying all the pairs of electrodes to X and Y wires. This isn’t ideal, as you will see if you try it, but it is simple and it does work. We will look at using diodes to improve addressing schemes for memories in our next project, “Red-Hot Memory.”
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5. RED-HOT MEMORY—BINARY MEMORY: 0s ARE COLD AND 1s ARE (OUCH!) HOT



A memory is what is left when something happens and does not completely unhappen.

Edward de Bono, The Mechanism of Mind

From everyday experience with electric circuits, you may be used the idea that the resistance of a piece of wire, a motor, a heater or a resistor does not change with temperature. For many purposes, resistance does not change much with temperature, which is one of the reasons why measuring resistance is a useful thing to do. However, for a special class of resistor called a “thermistor,” resistance is not even remotely constant as temperature changes. A positive temperature coefficient (PTC) thermistor is one in which the resistance increases with temperature, while a negative temperature coefficient (NTC) thermistor behaves in the opposite way.

In this experiment we will make a kind of electronic teeter-totter or see-saw, in which a pair of PTC thermistors heats up unevenly. One becomes quite hot, while the other remains cool. Which one is hot and which one is cold can be controlled by a simple programming process. The pair are in effect a binary memory, with a value of 1 when the first thermistor is the hot one, and a value of 0 when the second is hotter.


What Use Are Thermistors?

The most common use for a thermistor is to protect a circuit or circuit component like a transformer or a motor from overheating. A PTC thermistor such as those we are using here can be wired in series with the transformer input winding. The PTC is often located in the transformer windings somewhere. In the event that the transformer is overloaded, it will heat up the PTC, increasing its resistance. In effect the PTC quietly reduces the current through the transformer and prevents a problem from turning into an accident.

Thermistors can be calibrated and used as sensitive and very low-cost thermometers. Their rapid change of resistance with temperature relative to standard resistance thermometers made with platinum wire makes them much more sensitive.

Finally, thermistors of low resistance can be used to measure the flow of liquids or gases. This is achieved by heating the thermistor with a current and simultaneously measuring its resistance. In the absence of any fluid flow, the thermistor will achieve a certain temperature and hence resistance. Once the fluid flows, the thermistor is cooled slightly and this cooling can be measured by measuring the change in its resistance. Take a look at “The Fan Flap Flip-Flop Clock” (“Cloxotica”) for how to do this.



What You Need


A DC power supply or batteries

Two PTC thermistors, e.g., the titanate ceramic type, or the Polyswitch 0.1 A type or its equivalent (Optireset, Optifuse, Everfuse, Polyfuse, Multifuse are trademarks of similar devices.)

A voltmeter

Wires, etc.

 

Optional

A liquid-crystal thermometer card or thermal color-change paint

Two LEDs (standard Red LEDs)

Two 470 ohm resistors



What You Do

First, connect the two thermistors together in series by twisting their leads together or, better, by soldering. Now connect up the multimeters set to 0–10 V scales and connect up the power supply or batteries. With the thermistors I used, a 3–5 V supply worked well.
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The two thermistors are wired up as a voltage divider. If they are identical, then they will divide the applied voltage in half, and with 3 V applied you will see 1.5 V at the joint of the thermistors.

But after the thermistors have been on for a few seconds, you should see a rather surprising thing. Although the voltage starts near 1.5 V, after a very short time it will either shoot up to nearly 3 V, or drop to nearly zero. You can make the change readily visible by adding the two LEDs, with the resistors to limit their current.

What is going on here?

Now try touching (carefully—they may be quite hot) the thermistors. You will find that one is really too hot to touch for more than second or two, while the other is still close to room temperature.

You can program the thermistors to store a 1 or a 0 by simply cooling the appropriate thermistor. One way is to arrange them horizontally. Then a drop of tap water placed on one of the thermistors will keep it cool, allowing its partner to heat up and program to the opposite state. Or you can apply a wet sponge or simply wet your fingers and hold the thermistor for a second or two.

Perhaps a neater way of programming is to short-circuit the hot thermistor. Suppose that thermistor A is cool and thermistor B is hot. Now short out B. After a moment or two, A will heat up while its partner B is cooling until A is the hotter one. Once this has happened you can remove the short-circuit and the new state of the thermistors (A hot, B cool) will stabilize. Depending upon the physical size of the thermistors you use, the programming will take a second, or perhaps five seconds.

The thermistor memory cell works because the steep curve of resistance changes with the temperature of the PTC thermistors we have used. If you have some thermocouple readout multimeters, then you can monitor the temperature of the memory state by simply gluing tiny welded-wire-end-style thermocouples onto the thermistors. This should allow you to see the thermistors flip state and to find out at what temperature they settle.

Alternatively, what about using the thermistors themselves as thermometers? The manufacturers usually provide a graph that gives the average behavior of the devices, and sometimes also a formula (see below). By putting the thermistor in warm water with a thermometer, you can check this out and construct your own calibration curve.

One of the difficulties in measuring thermistor resistance is that they warm up while you are measuring them. By momentarily disconnecting the thermistor from a power source and connecting it to a resistance readout on a multimeter, you can measure the resistance of the thermistor. This is easy to do using a double-pole changeover switch. But you could measure the resistance without actually disconnecting the thermistors from the power supply: by simply measuring the current (I) flowing and the voltage (V) across the thermistor and using Ohm’s famous law to get R:

V = IR.

Now what happens when you put three thermistors in series? Does a single thermistor always win and get hot? Or does one cool down leaving two hot?

Measuring Vand I also enables you to measure how much power is needed to keep your memory alive and memorizing. I got figures in the region of 1 W, although the reading will clearly vary with the size of thermistor.

What we have constructed here is a one-bit memory, and although a one-bit memory has its uses, they are limited. It would not be much good in a computer, for example. So, about making a multi-cell memory? You’ll need two thermistors for each cell, of course. And once you have assembled the array of thermistors and got them all working, a new problem arises: how to know what has been stored? Well, you don’t have to find out which memory cell is switched on or off by using a voltmeter. You could sense the memory directly with your fingers, a kind of thermal version of Braille. You’ll have to keep the burn ointment handy though! And fortunately there are easier ways. You could wire up a lot of LEDs, of course. The photo shows a three-bit memory with LEDs.

But you could get a visual indication in a very direct way by simply gluing a piece of liquid-crystal thermometer material over the thermistors, either one piece on each, or a sheet across an array of thermistors. And you could, if you have access to a thermal imaging camera—they are less expensive than they used to be—view the memory in the infrared. Here is a picture of the 3 bit memory in the infrared, showing clearly the state of the three memory cells.
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How It Works: The Science and the Math behind Red-Hot Memory

PTC behavior is in fact fairly typical of many metals. A tungsten filament bulb is a kind of PTC thermistor: its resistance rises more than 8 times between room temperature and an orange-hot temperature (1500°C). (Tungsten is only untypical in that you can raise its temperature in a filament to a much higher temperature than most metals: its melting point is 3420°C—only carbon is comparable.)

However, a commercial PTC thermistor has an even steeper curve than this. A typical resistance/temperature curve for a device with a nominal 60°C operating point, is:

[image: Image]

With only tiny changes in resistance at temperatures lower than its operating point, the PTC takes off exponentially, increasing in resistance by a factor of 105 or 106 over a few tens of degrees C.

Some PTC thermistors are made by firing a mixture of semiconducting ceramics such as barium titanates (mixtures of oxides of titanium and barium) at temperatures above 1000°C. They are polycrystalline materials and their characteristic positive coefficient arises because of changes in the highly resistive grain boundaries between the crystal grains. These changes happen at a characteristic temperature, sometimes called the nominal threshold temperature, which is determined by their manufacture—their composition and firing. Other thermistors like Poly-switches have an even more extreme change in resistance with temperature. Poly-switch and similar devices consist of minute granules of conductive carbon, packed together with nonconductive polymer granules. At room temperature the conductive granules are in contact and the thermistor conducts electric current freely. Above the switching temperature, the nonconductive granules expand so that the conductive granules no longer touch, and the device becomes a poor conductor.

What about a microminiature array of thermistors? If you could put down an array of 1 micron square PTC thermistors, together with the necessary wiring, could you actually make a usable electronic memory? How much power would you need for each element? What would the power density be—and would that power density be a problem?

Suppose our standard thermistor has to go up from 20°C to 70°C to flip state, and has a volume of, say, 10 mm3 and a mass of 20 mg. Then, with a heat capacity of 1 Jg-1K-1, it takes an energy of just 1 Joule to flip energy state. Now if our 1 micron square thermistors had a volume of 0.1 cubic microns, then the energy needed to flip the state over would be a factor of 107 lower—10-7 Joules. The heat losses might be similar, so a 10 megabit (107 bit) Red-Hot Memory might need a similar amount of power to that of our large single thermistor—1 W. This sounds like a quite reasonable level of power. You really could use such a memory in a computer. But is there something missing here? Why hasn’t the whole semiconductor industry switched over to Red-Hot Memory? Maybe there is another stumbling block. Could it be the speed of operation of a red-hot megabit memory, perhaps?

And Finally . . .

Could you wire up a whole memory bank—an X-Y array—using thermistors? With a large array, you would need to minimize the amount of power needed. Does it make much difference how much voltage you apply? How much difference does thermally insulating all the thermistors make? Don’t forget to allow for the large current that will flow while the memory cells are warming up: once the cells have settled, the current will be much lower.

What about a writing system to put information into the thermistor memory bank electrically? Can you just pull the divider mid-point down to zero (or up to 10 V) to write a 0 or a 1? How long do you have to hold the mid-point down or up, and how much power will you need to do that? Or is it better perhaps to use a short-circuit approach as described above? Can you address a location on the array by means of X and Y wires without activating memory cells by mistake?

The circuit diagram and photo show the kind of thing you could do. Three memory cells are connected to each of the column lines, while the row of LEDs illuminate showing the state of the cells—actually the on/off state of the lower thermistor in each cell—when a column line is activated with the switch. The diodes ensure that you don’t simply short-circuit all the cells in a column line together.

[image: Image]
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Finally, could you find a practical purpose of some kind for a Red-Hot Memory? Could you make an array of Christmas lights, for example, or an information display board lighted with bulbs and use Red-Hot Memory elements to store the displayed pattern?
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6. DEFLATION DETECTION—ULTRASONIC TIRE MONITORING



If you doubt the remarkable properties of this material [rubber], then remember the faith a motorist puts in those few square inches of tire which are all that hold a car (as well as its driver) on the wet tarmac as it powers down a precipitous mountain road.

John Loadman, Tears of the Tree

Ever since Mr. Dunlop devised his pneumatic rubber tire, people have had trouble with punctures. You might wonder why we bother to have to inflatable tires. Why not just use solid tires? Well, there is a problem with solid tires. As a wheel rotates, a piece of a solid tire would be compressed briefly, and it would absorb energy while compressed. If it gave back all the energy it absorbed, there would be no problem. However, most soft and resilient solid substances, including rubber, don’t return all the energy of compression. If you could make tires out of steel or some other material that was really hard, the amount of energy lost would be very small, but this isn’t practical except on railroads (especially as the roadway would have to be equally hard). An exception is the kind of polyurethane elastomer used in Super Balls and skateboards, which doesn’t lose much energy. However, a pneumatic tire loses much less energy than even the best superelastic polyurethane. It loses so little because all that happens as the tire rotates is that the compressed air just dodges aside a little to let the part of the tire that is next to the road flatten just a little. The compressed air itself doesn’t change volume, so there are no losses there, and the rubber carcass of the tire is actually quite thin, so it doesn’t compress much and thus doesn’t contribute much to the energy losses either.

But pneumatic tires, wonderfully efficient though they are, do get punctures and leaks. And when they do, the vehicle they are attached to can become dangerously difficult to handle, especially when cornering or braking hard. The most straightforward way to check tire pressure and report it to the driver while the vehicle is moving is to measure the pressure in the tire with a sensor and report this back via short-distance radio or some other communication system. This can be made to work well in practice. Its only problem is its high cost (along with the minor disadvantage of increasing the wheel weight and disturbing its balance slightly, as the system needs to employ a battery on the tire). It is the basis for some of the deflation detection systems used on trucks, on high-end sports cars, and on aircraft. Some systems that work this way only report back the tire pressure when the vehicle goes from low speed to high speed—which economizes on battery lifetime.

However, there are altogether more ingenious methods for measuring tire pressure on a moving car, and they involve no equipment mounted on the wheel at all. One fairly well-known approach that I have tried myself involves simply measuring the infrared radiation coming from the tire, in effect a remote temperature measurement. When tires are under-inflated they heat up.

Tires heat up a lot in normal use, of course, the preeminent example being airplane tires. Airplane tires are not inflated to quite the extreme high pressure that the size and the weight of the airplane would dictate in road-vehicle practice. This is because it is important for them to have a good footprint on the ground for braking when landing. Taxi a light airplane with a tricycle undercarriage on the ground, and you’ll discover that they have very soggy steering and seem to behave as if the tires are nearly flat. Although they could be inflated to a much higher pressure for takeoff, there is no way to deflate them during flight to an optimum landing pressure. As a result of this, and of the heavy load that they carry, aircraft tires can heat up to 150°C or so—hot enough to boil water or cook an egg—during taxiing to the end of the runway or after landing. Ordinary car tires heat up if they are underinflated, and you can detect this with a fairly simple IR thermometer arrangement. This has the disadvantage, however, that it only indirectly tells you that a tire is underinflated, and in fact in the experiments I tried, this overheating only happens when the tire pressure is already dangerously low.

Another indirect method of detecting under-inflation—but one that I think shows more promise, is the ride height measurement. The ride height of a vehicle is its height above the highway surface. If a tire loses pressure, it squashes up as it rolls. Effectively, the wheel diameter shrinks a little, and this of course affects the height of the body above that wheel.

It is best to measure between the axle of the wheel and the ground, not between the body of the vehicle and the ground. Measuring from the axle avoids including the suspension spring deflection, which varies a lot with bumps on the road, and with the load in the vehicle. A measurement from the axle is much simpler to use, and ultrasonic systems can be used to obtain it. Ultrasonic echo measurement of ride height has been employed for years to test racecars. I first came across this equipment around 1983, and I made some of my own a few years later. These days ride height sensors are used during racing as well during testing. Optical distance measurement, sometimes with a laser, can also be used, with the right precautions to prevent problems with the color and finish of the road surface. But I think that the ultrasonic method is best . . .

What You Need


Tire(s)

A large weight; e.g., a vehicle

A ruler

 

Optional

An ultrasonic (parking) radar system (one or more)

Various resistors, wires, etc. (see text)

A moving coil meter



What You Do

The first step is to measure the change in ride height as you deflate the tires of your target vehicle: this will give you a precise specification of what your system has to be able to measure. So measure the distance to the ground from a suitable fixed point—your datum—on the wheel or stub-axle assembly of the vehicle. Then check the tire pressure. Now let the air out of the tire a little and repeat the process. The tire goes down in height, of course, but don’t expect the reduction in height to be proportional to the reduction in pressure. You will probably find that (at least roughly) the amount by which the tire goes down in height is proportional to one over the square of the inflation pressure. So if the tire is normally pushed down 0.5 cm (0.2") at normal pressure, and the pressure goes down by a factor of two, the height goes down by factor of four, or 2 cm (0.8"). Conversely, if you increase the pressure to twice normal, the tire will go up until it is only pushed down 0.12 cm (0.05").
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This is the effect that we want to exploit using the ultrasonic parking radar. Parking radar units are designed to measure the distance between the rear fender of your car and the wall at the end of the parking lot or garage or whatever. They work by emitting a pulse of ultrasound, then measuring the delay between that pulse and an echo reflected by the ground. The same transducer is often used for both the transmitter and the receiver function.

If you display the circuit voltage on an oscilloscope, especially a double-beam oscilloscope, you will begin to get a good idea of how it works. Try putting the output to the ultrasonic transducer (the transmit waveform) on the A-beam of the oscilloscope, and trigger the timebase on this. Now use the second B-beam to look at the waveforms at other points in the circuit, for example, in the echo amplifier. Once you have found the echo signal, you can test it by moving a large object to and fro up to 1 m (3') or so from the transducer. At some point in the circuit, the delay is converted into a voltage, and this is the voltage that we will pick off and display, via a resistor, on a moving coil meter, displaying the ride height in the car to the driver.

Parking radar is designed to measure distances from around 0.3 to 1 m (1 to 3'), using pulses of energy at about 40 kHz. However, we can convert it to run a little faster and measure from 4 to 8", which is about the ride height of the axle on a typical car. The essence of the conversion is to raise the operating frequency, not of the ultrasonic emitter, but of the measuring circuit. Because the whole circuit is arranged as a master clock that is stepped down by successive divisions of two, we can, by skipping a couple of these divider circuits, end up with a faster cycling, shorter range circuit, as shown in the circuit diagram. Check that you don’t mess up the transmit frequency, however: this should remain the same. The difference you should see on the transmit waveform is that it will be repeated 2 or 4 or 8 times (depending upon how many divider stages you skipped) faster. The transmitter pulse should be at the same frequency, with 1/2 or 1/4 or 1/8 as many wiggles of sine wave.

Once you have gotten the circuit to work on the bench, you need to install it (with the owner’s permission!) in a car. I chose a downward-pointing surface on the front wishbone assembly on a front-wheel-drive car to mount the transducer, and ran a small diameter (3 mm, 1/8") coaxial cable up from there via the wishbone and then through a tiny hole into the passenger cabin, installing the circuit behind the instrument panel, but with the output display—a voltmeter—on an area of the dashboard normally used for maps and small items.

You should find that you quickly get used to the range of readings that signal a properly inflated tire under different conditions of load and speed, and you can make this even easier by putting a green band on the meter dial if you like. By deliberately deflating a tire to, say, half its normal value, you can get an idea of the range of readings a deflated tire has, and you can mark this on the dial as well.

You may find that smoothing—averaging the reading over a few seconds—is needed. The moving coil meter has a natural period of about a second, so it damps out very rapid changes in ride height due to the suspension reacting to unevenness in the road surface. But you may find it useful to add more damping. A simple smoothing circuit based on a series resistor feeding a capacitor across the voltmeter terminals will probably suffice.

How It Works: The Science behind Deflation Detection

We saw in the measurement we did that the height changes (Δh) in the ride height are given by a square law in the pressure P, or in algebra:

Δh ~ 1 / P2.

The square law relates simply to the area (for a flexible tire) on the ground. In a real tire, of course, this pressure is not a constant. But under this assumption, and the assumption that the tire is constant in width, we can show a square law similar to that which we observe.

You can work out how this formula comes about by simply drawing a circle and then drawing lines—chords—across the bottom of the circle whose width is proportional to 1/P. For example, draw a circle with a radius of 200 mm (8") and then lines of length, say 100 mm × 1/P, where P is 1 bar, 2 bar, 3 bar, 4 bar (15/30/45/60 psi). You will find that the lines are spaced from the bottom of the circle by a square law that gives you measurements something like:
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The lengths of the chord are proportional to the area (A) of the tire on the ground. To support the car’s weight at a certain tire pressure (P), the weight (W) must be proportional to P times A. So if you lower P, you must increase A (modeled by the chord length) so that P × A stays the same. So the chord lengths are proportional to 1/P, and, as you can see by the scale diagram, that means that the heights vary as a square law.

An ultrasonic echo sounding system like parking radar relies on transmitted and echoed pulses, just like the electronic radar systems used in airports and in military airplanes. You need to send out a transmit pulse that is fairly short compared to the echo time and to send it at long enough intervals that it doesn’t overlap with an echo. In our case, we need an echo time corresponding to 300 mm (12"). If we take 340 mm to make the arithmetic easier, and the speed of sound as 340 m s-1, then we expect to have the pulse travel at most 340 mm × 2 (there and back) which at 340m s-1 will take 2 milliseconds. We could just transmit a click, a simple pulse. However, this would not be very clearly detected, as it does not take advantage of the resonant frequency of the transducer, which filters out noise and boosts the signal available. With a transducer at 40 kHz, if we transmit a longer burst of 10 cycles of oscillation, then the transmit pulse will be 0.25 millisecond long, giving a clear signal even on the roughest ground. With a possible resolution of 1 cycle of oscillation, or 0.025 milliseconds, we can expect a distance resolution of the order of half a wavelength of ultrasound, and that wavelength is 8 mm. Actually, we can average over a lot of pulses, and we average over the rough ground, so we can do better than 4 mm—we can achieve less than 1mm.

The ultrasonic transducer emits a rather wide beam of sound. Despite this, we don’t have to worry about other echoes. The only thing in the middle of the transducer’s beam is the ground, and the ground is in any case far larger than anything else that lies in the edge of its beam. The ground gives a lot of signal, part of it from the middle of the transducer beam, but also from the edges of the beam, where small granules in the road surface happen to reflect back to the emitter. However, these echoes are after the edge of the returned echo from directly below, so they just widen the returned pulse, they don’t affect its leading edge, which is what we use for measurement.

And Finally . . .

You can of course fit two or more ultrasonic deflation detectors to your vehicle, with the advantage that two on one axle can be compared to give a better correction of the ride height changes due simply to loading and speed. Most cars don’t react disastrously if a rear tire is deflated, whereas front tire deflation is very dangerous, so the front is the obvious place to put them.

Finally, you should know about another ingenious system used on some vehicles today that also measures ride height to detect flat tires. This delightfully simple system works by counting the rpm of the wheels of a vehicle. If the wheels are identical and are fitted with similar tires, then any differences in the rotation speeds will be due to unequal effective radii, which are in turn due to unequal tire radii, which are due to uneven pressures. In this way, a single rogue punctured tire can be distinguished from the majority of good tires. Even if a vehicle is unevenly loaded front-to-back, each axle should be approximately in balance, so the wheels should go around at the same speed. Can you think of a system that would allow you to measure the rotation speed of the four wheels of a car in a convenient way, so that you could make use of this concept?
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PROJECTS THAT HAVE HAZARDS,
ALTHOUGH TUSCAN BE MINIMIZED


 

Mad, bad and dangerous to know.

Description of Lord Byron by
Lady Caroline Lamb

 







1. DEEP IMPACT—ARMOR-PIERCING CARROTS: HIGH-SPEED VEGETABLES



y así, sin dar parte a persona alguna de su intención, y sin que nadie le viese, una mañana, antes del día (que era uno de los calurosos del mes de Julio), se armó de todas sus armas, subió sobre Rocinante, puesta su mal compuesta celada, embrazó su adarga, tomó su lanza, y por la puerta falsa de un corral, salió al campo con grandísimo contento y alborozo de ver con cuánta facilidad había dado principio a su buen deseo.

[So, without giving notice of his intention to anyone, and without anybody seeing him, one morning before the dawning of the day (which was one of the hottest of the month of July) he donned his suit of armour, mounted Rocinante with his patched-up helmet on, braced his buckler, took his lance, and by the back door of the yard sallied forth upon the plain in the highest contentment and satisfaction at seeing with what ease he had made a beginning with his grand purpose.]

Miguel de Cervantes, Don Quixote de La Mancha

(John Ormsby, trans.)

Agamemnon and the other heroes of ancient Greece described by Homer may have worn bronze armor in the siege of Troy. Armor was invented in ancient times to protect its owner from weapons. But the art and science of war does not stand still. Weapons were then further developed in an effort to pierce armor. And then armor needed to be improved to resist the improved weapons. Bronze was replaced by iron, iron by steel, in both weapons and armor. So it went throughout history, as countermeasure succeeded measure in a slow but inevitable escalation. Even today, when there are supersonic bullets that can pierce steel plate, it is still useful to have armor. Modern personal armor is typically made in several layers, consisting of materials such as strong polyimide (Kevlar) fibers in resin and plates of light but hard ceramic such as alumina or beryllia.

The cannon that we will build in this project is based on an exploding disk, sometimes called a “bursting disk” or “rupture disk.” This is a one-shot device, and one-shot devices are difficult things from a quality control perspective. Once a one-shot device has become a tried-and-tested device, it is also a used-and-useless device!

The bursting disk allows the rapid release of air from a bottle of compressed air, which follows when a thin membrane sealing the mouth of the bottle is shattered. My book Exploding Disk Cannons showed how to do this for a vertically launched projectile. You can just use a vertical launch system, but then you will need to array your test armor in a set of plates arranged vertically, one over the other, high above the ground. Here we use a similar cannon, but with an alternative triggering mechanism based on a pin. You could just use a pin mounted obliquely in the launch tube. However, a shallow-angle elbow allows the pin to puncture the disk at a suitable angle. This trigger allows us to arrange our test armor horizontally along a bench or on the floor.

What You Need


An armored target; e.g., 3–5 layers of triple-wall heavyweight cardboard

2 layers of 4 mm thick foamboard

Plywood; e.g., 5 mm (3/16"), 6 mm (1/4"), and 8 mm (5/16") thick

 

For the Cannon

A drain pipe for the barrel; e.g., 1¼" diameter polypropylene tubing

A 135 degree elbow to match the pipe

A soda bottle, 1 liter or 2 liter type

Clear tape (see below), 40 mm (1½") wide

A tire valve

A foot pump

Chemistry retort stands or other devices to hold the cannon and recoil brick

A protractor

A brick with a hole in it, or some other heavy object, such as a large chunk of wood with a hole in it (to absorb recoil)

 

For the Pin Trigger

A piece of piano wire

A tubular rivet, or something of the kind (see text)

 

For the Projectile

A cork (as a solid projectile)

A carrot

A candle

Plaster and sand

 

For the Projectile Trap

A heavyweight cardboard box or a metal wastebasket or garbage can

Polyester stuffing

A long wooden handle (if needed)



What You Do

You will first need to ensure that you can make a working projectile launcher. The soda bottle is best drilled to take a tire valve as follows: make a pilot hole, either with a 1/8" drill or with a red-hot nail. Then widen this out to the necessary 12 mm or so by using drills of increasing size, maybe 6 mm/9 mm/12 mm, for example. These larger drills should be clamped in a vise, and the bottle rotated by hand until it is pierced. The tire valve can then be inserted by putting it on the end of a long piece of wire and then pushing it into the hole from the inside, pulling it through so that it fits snugly and seals reliably. The cap of the bottle must be drilled too, to a large diameter, and then the exploding disk attached—a piece of wide clear tape. Put the tape over the mouth of the soda bottle and then replace the cap. The tape must be the standard thin clear kind of tape, similar to Scotch or Sellotape, or possibly the brown-colored version used for parcels. Pressurize the bottle and check for leaks. If all is OK, then the barrel can be taped to the bottle.

The simple pin-trigger system uses a pin made from a length of small-diameter piano wire. Put a soft handle on one end, brightly colored so you can’t lose it in the grass. This is pushed down into the elbow to operate the trigger. It will help to have a guide tube; perhaps one made of a long tubular pop rivet from which the anvil piece has been removed. The guide tube must be fitted to the elbow so that the pin will pierce the tape roughly at its center.

Next you will need to prepare your projectile trap. This can be as simple as a heavy-grade cardboard box lined with spongy material like polyester pillow stuffing and positioned in the path of the projectile. A steel wastepaper basket would make an even better trap. These, although easily dented, are strong enough to resist complete destruction if they are protected by layers of polyester. Even if your armor is resistant to the impact of the incoming carrot, however, the carrot may still ricochet in a backward direction. The ricochet can be caught by a similar lined box, but with a large hole up its middle for the incoming projectile. If you are testing impact at oblique angles, you will also need to make the appropriate projectile trap arrangements.
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You must ensure that you—and everyone else—are clear of the trajectory of the projectile when it launches. You must never pressurize a bottle without fitting the tape and the cap with the hole: the tape is the safety device—the bursting disk or rupture disk. It will break, releasing the pressure safely and protecting you from the bottle bursting, which might otherwise happen in an unexpected way and injure you. Always ensure that the bursting disk is made from ordinary household clear or brown pressure-sensitive tape (cellophane tape, such as Scotch tape or Sellotape). If you use a tape that is too thick, it won’t burst at a lower pressure than the bottle. Treat the bursting disk with respect once the bottle is pressurized. Don’t touch it. A burr or crack on your fingernail might snag and cause it to break, giving your finger a great big bruise. And certainly don’t put your eyes, your ears—or any part of your face—near it.


Hazard Warning

The exploding-disk compressed cannon described here has only a small fraction of the energy of a firearm. However, it needs to be treated with respect. It is fully capable of causing serious injury if used stupidly. Your eyes—and those of your friends—are probably the most vulnerable. Always wear safety goggles once you have compressed air energy in the system. The direct shot energy of the cannon is formidable, and you should be sure that the projectile is going to be caught in a failsafe manner. And don’t forget that ricochets can be damaging too. Ensure that your projectile will be trapped, not just bounced.



The maximum pressure of the bottle should be limited to about 5 bar or 75 psi. Check that the gauge on the foot pump returns to zero and functions correctly as you pump up the pressure. At pressures much above 5 bar, you will find in any case that the cap will tend to leak, so by the time you reach launch the pressure there won’t be much more than 5 bar.

Now pressurize the soda bottle to 4 or 5 bar (60 or 70 psig) to get it ready for a test shot. Put the bottle onto the stand with the recoil brick behind it, but without a projectile. Now push the pin down. A loud bang should ensue. You should find that the tape has completely disappeared. This is why there was a bang rather than a hiss of released gas: the tape was destroyed almost instantly, which then allowed the gas pressure to release very suddenly.

The cannon must be mounted at the angle you have selected, at a short distance—a few centimeters or inches—from the armor plates, the planetary surface or whatever other target you may be using. The retort stands and clamps should be sufficient. A brick is mounted behind the soda bottle, to absorb the recoil momentum, and another brick perhaps on the elbow. Otherwise you may find that the soda bottle or the elbow on your soda bottle fires nearly as fast backwards as the projectile fires forwards.

You now need to install a projectile and a freshly pressurized bottle and try a test firing. Carrots make good projectiles. Use a straight piece of carrot that fits neatly, but slides smoothly in the barrel. Start with a piece 100 mm (4") long. A more reusable projectile can be made out of a champagne cork, filed down slightly and weighted with modeling clay on its front end.

An alternative is to cast your own projectiles—let’s call them candles—out of wax. You may be lucky enough to find candles of just the right size to fit your barrel. In the more likely event that you can’t, melt down some candles and recast them. Melt wax in a saucepan (use the minimum amount of heat). Then pour it into molds made from sections of the barrel tubing lined with paper. The paper will ensure that the candles emerge from the mold smaller in diameter than the tubing, and it will help in extracting the candles from the mold. You will need to pour boiling water over the cooled molds, and then push the newly cast candles out and strip off the paper while they are still warm. You may find that you get a tapering hole, a pipe down the middle of the casting. This is caused by shrinkage as the wax cools. You can fill up the pipe with more molten wax as the cooling progresses to compensate. Candles make even better projectiles than carrots.

And now, finally, you can put your safety glasses on and get the projectile trap in place. Then make sure your target is in the way and everyone and everything else is OUT of the way, and FIRE!

Hopefully, that ballistic carrot put a hole in your test piece, or at least dented it. Try out different targets and different projectiles. Can you show that multiple layers of armor that are separated by air gaps are better than a single layer? Can you show that small hard plates positioned between softer material like cardboard work well? You will find that carrots and candles won’t normally pierce ductile materials like aluminum and steel, but even they will be severely dented—even frying pans! Many plastic materials are shattered by high-speed impact. (I once fired a cork through the side of a plastic garbage can, through some light garbage, and out the other side). Plastic, although normally flexible, behaves in a more brittle way when subject to a high-speed impact.

Plywood and similar materials are enormously strong. Made of different layers of wood, with their fibers lying in different directions, and glued together with resin, they offer one of the highest strength-to-weight ratios of ordinary materials. In fact throughout history plywood has often been employed to make shields for soldiers. Despite this, plywood less than about 8 mm in thickness can be pierced by a carrot or a candle—the thinner gauges are easily smashed, sometimes leaving a hole, sometimes splitting the whole sheet.

Take a careful look at the damage caused by the projectile. You should clearly see that classic of crime scene investigation, the different sizes of the entrance and exit holes. But there are other more subtle observations to be made, which are more dependent on the material and structure of the targets.

It is interesting, too, to see the effect of different angles of impact. You need to be able to measure reasonably accurately the angle at which the projectile strikes: you could use some ingenuity in mounting the protractor, or you could use simpler linear measurements and some trigonometry to figure this out.


CRATERING IMPACTS

You might like to have a go at using the cannon for investigating cratering. I found that a planetary surface that would show realistic cratering effects could be made by filling a large tray (at least 1 m (3') across) with a 50 or 100 mm (2"–4") of a sandy or powdery material. It is helpful to coat the planetary surface with a thin dusting of a fine powder of a contrasting color, so that you can very clearly see what has happened to the surface. The barrel must be aimed downwards, of course, as the planetary surface has to be roughly horizontal. So you may need to hold the projectile in place so that it does not slide down the tube prematurely. We found that a 6 mm (1/4") strip of tissue paper taped to the base of the projectile did the trick. Once the projectile is in place in the barrel, the tissue paper can be taped somewhere to the inside of the barrel.

A friable projectile has the advantage of better simulating planetary impacts, where the incoming projectile will typically be a rather weak piece of rock, and, even if it is not, the massive energy of the impacts means that it will behave as if it were weak. I tried a mixture of plaster and sand, roughly 30/70, which was easy to handle but not so strong that it would not break up easily on impact. A friable material of a different color than that of the planetary surface and the coating is ideal, as then it will be clear exactly where pieces of the projectile end up. I have also tried using corks as pistons to push the friable material.

The tray containing the planetary material must be massive and well settled onto the ground beneath: it must not wobble or bounce when the projectile hits it.

The other thing to ensure is that the air blast from the muzzle is far enough from the surface not to disturb it too much. You could test this by firing a blank shot.
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How It Works: The Science behind Armor-Piercing Carrots

Newton’s Third Law tells us that to every action—every force in a forward direction—there is reaction—a force in the opposite direction. That is why, of course, we need to include a brick in the firing assembly. Following the law of the conservation of momentum, the brick will go backwards at a speed that is inversely proportional to its mass relative to the projectile. In mathematical language, with Mb and Vb for the brick’s mass and velocity, and m and [image: Image] for the projectile, we have:

Mb Vb = m [image: Image].

The product of multiplying mass and velocity is of course momentum. So if the 50 g projectile goes off forwards at 50 m s-1 (100 mph!), a 5 Kg brick will go backwards at 0.5 m s-1. They carry equal and opposite momentum because, although slow, the brick is a massive object compared to the bullet. The amounts of energy taken off by the brick and the bullet are of course quite different. Kinetic energy is proportional to the square of velocity, so in our example, the projectile will get not half of the energy, but 99 percent of it, even though the brick is so heavy.

There is a whole branch of science and engineering devoted to reliable one-shot devices. The best you can do is follow the most reliable design practice you know, make hundreds or thousands of the devices in identical batches, and demonstrate that a sample of each batch works just fine. And even if they do work fine, you still can’t claim that they will work with a probability of 100 percent. No matter how much testing you carry out, the best you will be able to guarantee is that the probability of failure is Y (where Y gets smaller and smaller the more devices you test and show to be OK). Of course, if that sample batch had a few duds, you will have an even bigger mathematical headache explaining that the expected probability of failure is less than value Y. It is probably for this reason that one-shot devices are rarely used if there is a real alternative.

The tape shatters rather than simply leaking because the gas pressure behind it strains it to the point that as soon as the tiniest hole is opened up it turns into a large hole, at a speed that seems instantaneous. Scientifically, we say that the hole formed by the pin or electric wire was longer than the critical crack length.

The effectiveness of armor depends upon the speed, angle, and type of impacting projectile. However, there are some general principles. Hard materials like ceramics, although shattering easily, can blunt or fragment an incoming projectile and share some of its incoming kinetic energy. Stretchy materials like ductile grades of steel can absorb enormous amounts of energy before they break, unless the projectile tip is sharp and can cut them. So lightweight armor often has a layer of steel, or, these days, Kevlar-reinforced plastic, behind a layer of ceramic, which is in turn sheltered behind an outer casing to protect the brittle ceramic from premature cracking.

The most useless materials from a projectile-resistance point of view are often molded plastics. Although some types, nylon for example, are good, others, although apparently resilient in normal use, behave as if they were brittle when hit by a high speed projectile and are easily broken. Try a high speed carrot on a variety of plastics and you may be surprised at how easily they break.

As we’ve mentioned, plywood is a very strong form of wood, with fibers joined by a natural glue (resin) and plies in different directions that provide stability. It has much in common with glass-reinforced plastic, where brittleness in the glass fibers is not relevant, because a crack in one fiber cannot readily spread via the resin to the fiber next to it, and the result is much higher impact resistance. However, even plywood can be broken by a suitably high-speed carrot—as you may already have demonstrated.

And Finally . . .

Electrical Firing

A safer alternative to the pin-firing technique is to use remote electrical firing of the bursting disk.

Electrical firing is nice, because it allows you to stand a long way back—you can even move to another room—when the projectile blasts off. To achieve this, you need to find some thin Nichrome wire, a choc-bloc screw terminal strip, connecting wires, and a battery. Ideally, the battery should be of the 6 V heavy-current type, such as a small sealed lead-acid battery. However, a set of, say, five, rechargeable NiCd batteries connected in series would also work. AA cells might work, but it would be better to use C-cells to ensure enough current capability. To make a really dandy job, you could add a high current push-button switch (red is the traditional color) —or just touch the wires on the battery to fire.

The electric firing is done by attaching the Nichrome wire to the soda bottle-top in such a way that the wire touches the bursting disk over at least some of its length. Actually, if you attach it so that it lies a couple of millimeters above the disk when unpressurized, you will find that the disk bulges out into a section of a sphere and will usually press on the wire gently over 5 or 10 mm. When you complete the circuit, the tape disk will shatter just as if you had broken it with a pin.
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The shattering of the tape disk when the current is pulsed through the wire is surprising. I had tried similar things and had at first seen the wire just melt a slit in the tape, releasing the gas in a gentle stream over ten seconds or so. But when you raise the pressure sufficiently, the behavior seems to flip over from gentle release to sudden explosion of air. Once again, we are seeing the concept of critical crack length coming into play.
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2. THE FLYING SODA BOTTLE—A SPECTACULAR PIECE OF PRACTICAL SCIENCE USING THE RAPID RELEASE OF ENERGY FROM COMPRESSED GAS



The Hispaniola still lay where she had anchored; but, sure enough, there was the Jolly Roger —the black flag of piracy —flying from her peak. Even as I looked, there came another red flash and another report that sent the echoes clattering, and one more round-shot whistled through the air. It was the last of the cannonade.

Robert Louis Stevenson, Treasure Island

The classic way to launch a projectile has always been to put a cannonball or a bullet down a long cylinder, the blind end of which is packed with an explosive like black powder. First used by the Chinese, cannons made their appearance in Europe as early as the Battle of Crecy in 1346. (Archeologists have unearthed 1½-lb cannonballs on the battlefield). Cannons were slowly improved and standardized over the course of the Middle Ages, a process seems to have been painfully slow in comparison to the pace of modern development. The powder cartridge had evolved by the Victorian era, making it easier and faster to get the right amount of propellant. But cartridges were at first simply measured amounts of powder—cannons were fired in those days by opening the cartridge and pouring the powder into the cannon. Further developments led, eventually, to the modern ammunition unit, a propellant cartridge with a bullet in front of it. When fired, the bullet of course flies off, leaving behind the cartridge and propellant residues to be ejected from the artillery piece through the open breech.

It was much later that the principle of the mortar evolved, wherein the propellant charge and its container are attached to the base of the projectile. The whole unit is dropped into the muzzle of a short barrel and the whole unit is then exploded and propels the shell—with the propellant cartridge still attached—into the air. It is this latter kind of projectile system that is the model for our project here.

The plastic soda bottle that is used for all kinds of fizzy drinks is a triumph of modern materials, being cheap to make, light in weight, and extremely strong. It is made out of polyester, the same stuff used, in fibrous form, to make clothing. In this experiment, the bottle’s great strength will allows us to store a lot of energy inside it as compressed air, while its light weight will allow that energy to propel it high into the air.
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What You Need


Two car-tire valves

A mortar tube, about 1½ × longer than the soda bottle (see facing page)

A Mortar tube end plug with firing pin

Two soda bottle caps with 15 mm holes

Modeling clay

Two cheap tennis balls (or other nose cones)

Ordinary thin tape, but the wide width (either ordinary clear tape or brown-plastic parcel tape will work) > 30–50 mm

Two empty soda bottles, between 300 ml and 2 liters in capacity (12 to 70 fluid oz.), to fit precisely inside the mortar tube

A drill bit to make pilot holes and, finally, a 12 mm hole in the base of the bottle

A drill bit or other tool to make a 15 mm hole in the bottle caps

A smaller syringe (e.g., 20 ml)

A larger syringe (e.g., 30 ml)

A 2 m length of 4 mm id clear plastic tubing to fit syringes tightly

A 1 m length of wood, say 20 × 30 mm

A car-tire foot pump with a pressure gauge



What You Do

As with “Armor-Piercing Carrots,” the previous project, you need to fit a soda bottle with a tire valve. First drill out the base of the 300 ml bottle with a 12 mm drill. You will find it useful to drill a small pilot hole with a portable drill and then widen it. Having drilled a pilot hole of, say, 4 mm, fit an 8 mm drill bit in a bench vice or other clamp, and then rotate and push the bottle onto the drill bit, until the hole is enlarged. Then repeat this process with larger drills in the vice until the hole is the right size to fit the tire valve. Push the bottle up and down the drill bit a few times, holding it at a slight angle to the drill bit, so that it loosens the hole a little and polishes off any burrs.

Now fit the tire valve. You can do this by putting the valve on the end of a piece of clothes-hanger wire and then pushing it into the hole in the base from the inside. Wet the tire valve with a smear of dishwashing liquid to make it easier to push through (you can wash this off afterwards). As in our previous project, the valve must fit snugly and seal perfectly.

Next you need to drill out the bottle cap to 12–15 mm (or a little more if you prefer). Make sure the hole is at least 12 mm in diameter, however: if you make the hole too small and you then over-pressurize the bottle, it won’t protect you from the bottle fracturing. The bottle might fracture before the bursting disk, the engineered weak point in the system, the point that is designed to fail first. The bursting disk is a piece of tape, perhaps a 50 mm length of 40 mm width plastic tape. The plastic disk of tape is a low pressure equivalent of the thin metal-bursting disk that is used in the world of industrial gases to protect against over-pressurizing a container like a gas tank or large gas cylinder.

Don’t try to use paper tape or duct tape, or any other type of tape: the plain thin plastic stuff is what you want. You can use clear 30–50 mm width Sellotape or Scotch tape, or the brown-colored plastic parcel tape. You need to stick this over the neck of the bottle, smoothing it down so that there are no wrinkles. Now fit on one of the special bottle caps (with the hole) and tighten it down well.

The next step is making the firing-pin assembly. Fit the firing pin—a nail—into the smaller syringe, the slave syringe, having removed the top 20 mm of the syringe plunger. I used a 50 mm nail, which I sharpened with a file, for the firing pin.

The mortar tube itself needs to be completed by mounting the firing pin assembly into its base. Find a tin lid, or just use a circle of thin metal or thicker plastic the same diameter (or a little bigger) as the outside of the mortar tube. Drill this in the middle to take a longish tubular pop rivet. Remove the anvil from the middle of the rivet and glue it in place, perhaps with the aid of a washer or two. Now take small pieces of wood and glue the body of the syringe to the tin lid so that the syringe pin is located in the end of the rivet, and so that when it pushes out it pushes the pin out so that it projects at least 10 mm from the rivet.

The base of the mortar must now be fabricated. Cut a short length of tube, and open up a rectangular hole as shown in the diagram. Tape the base onto the firing-pin plate assembly, and glue the base onto a largish short plank of wood.

Now tape the base of the mortar tube to the barrel. Use either two layers of standard plastic parcel tape or clear tape, or perhaps better some duct tape. Check the firing syringe to make sure that you can make the pin move up and down correctly. Add warning signs to the mortar barrel.

A tamping tool is needed to push the projectile down to the bottom of the mortar without endangering your hand. This is a long stick with another shorter stick glued at right angles to it at the end. The joint between the sticks can be just glued, cramping it until it sets. You can use a small bolt or screw to reinforce the joint.

Make a hole in the tennis ball and fit it over the projecting valve. Check out how freely the assembly seems to run in the mortar tube. If necessary, abrade the tennis ball on coarse sand-paper until it fits neatly.

Now remove the tennis ball and use your car-tire pump to inflate the soda bottle to around 3 to 5 bar (45 to 75 psi). The projectile is now live ammunition. It contains a lot of stored energy, energy that can be released in a millisecond. Treat it with respect. Fit the tennis ball back on.

Find a suitable area—preferably outside—and place your mortar tube on the ground pointing steeply upward in a suitable direction. Use stones or bricks and pieces of wood to angle it correctly. Now pull the firing syringe off the tubing, plunge it fully home, and then reconnect it and pull back, sucking the air out of the tube. Check that the slave syringe has pulled down fully. You are now ready to fire.

First clear the area, warn bystanders to beware of falling objects, and then drop the projectile bottle top down, into the mortar tube. If the projectile doesn’t drop down cleanly, tap it gently down to the bottom using the tamping stick.

Now for the countdown.

THREE

TWO

ONE: push the master syringe down.

KABOOM!

You should find that the projectile produces a bang and then launches up into the air. If the flight is steep but significantly off vertical, the projectile may fly in a stable manner. A near vertical shot will more likely cause the projectile to tumble end over end.


Hazard Warning

You must ensure that you—and everyone else—are clear of the upward trajectory of the projectile when it launches. The best way to ensure this is to insist that everyone near the mortar tube squat or sit on the ground and keep at least a couple of feet back.

You must never pressurize a bottle without fitting the tape and the cap with the hole: the tape is the safety device—what is called in industry a “bursting disk” or “rupture disk.” It will break, releasing the pressure safely and protecting you from the bottle bursting, which might otherwise happen in an unexpected way and injure you. Always ensure that the bursting disk is made from ordinary household clear or brown pressure-sensitive tape (cellophane tape, Scotch tape, or Sellotape). If you use a tape that is too thick, it won’t burst at a lower pressure than the bottle. Treat the bursting disk with respect once the bottle is pressurized. Don’t touch it. A burr or crack on your fingernail might snag and cause it to break, giving your finger a great big bruise. And certainly don’t put your eyes, your ears—or any part of your face—near it.

The maximum pressure of the bottle should be limited to about 5 bar or 75 psi. Check that the gauge on the foot pump returns to zero and functions correctly as you pump up the pressure. At pressures much above 5 bar, you will find in any case that the cap will tend to leak, so by the time you reach launch the pressure won’t be much more than 5 bar.

When loading, always use the tamping stick—the wooden stick with a right-angle piece at the end —to push the projectile down. Don’t use your hand, and stand well clear while loading.

Finally, don’t leave live projectiles around to cause mischief. You can use your fingernail to push down on the tire-valve release pin inside the tip, and release the air gently.



Troubleshooting


Fired, but didn’t go very high: Is your projectile a loose fit in the mortar tube? If so, air may be bypassing the projectile, wasting energy. Try wrapping it in something—a piece of cloth maybe—to increase its diameter slightly. Alternatively, is the projectile too tight a fit? If it is, then much energy will be wasted in friction during its movement up the mortar tube. Try to make the projectile looser, or find a new one.

Fired but didn’t move: Maybe the projectile is simultaneously a tight fit and a poor gas seal. Check out whether the barrel tube is truly round. Sometimes this tubing has been stored with something heavy on top of it in the sun, and it will be slightly distorted in cross-section.

No fire: Did the projectile fit the mortar tube too tightly and not sit far enough down? If so, then make sure that you have tapped it down with the tamping tool, and try again. If it still doesn’t go, then make sure that the firing syringe and pin have been drawn right down to avoid misfire. Then pull the tape off joining the main barrel to the base, remove the projectile, and investigate.

Hissing sound, bursting disk just has a small hole in it: Did you use enough pressure? Did you use the wrong kind of tape?



Things to Try


	Try leaning the mortar tube a little from vertical to see how far it will go horizontally.

	Try adding stubby fins to the bottle cap end to try to stabilize the projectile in flight.

	Also, try more (or maybe less) modeling clay as a weight, to see if you can stabilize the projectile’s flight.



How It Works: The Science behind the Flying Soda Bottle

The energy stored in the compressed air in the soda bottle powers the mortar. The energy comes from your effort in pumping that air into it. The air is acting as a pneumatic spring, storing that energy until it is released when the bursting disk blows out. The stored energy is actually equal, approximately, to the pressure you pumped in, multiplied by the volume of the bottle. The energy stored in a compressed gas is given by the equation:

E = Pi Vi loge(Pf / Pi),

where E is the energy, Pi and Pf are the initial and final pressures and Vi is the initial volume of the gas. In our case, we have Pi =1 bar absolute, Pf = 4 bar absolute (3 bar gauge), Vi = 0.3 liters, so, noting that 1 bar ~ 100,000 N/m2, we can calculate a stored energy (E) of 200 Joules

Soda bottles are made from PET. Biaxially-oriented polyethylene terephthalate is the more technical chemical name for the stuff. Soda bottles are made by molding a tiny little bottle—not much bigger than a large laboratory test tube—and then, while it is still hot, inflating it with air pressure, just like inflating a balloon. This process actually strengthens the material by orienting the long molecules of the polymer so that they all lie in the plane of the sheet, which is where the stress lies. The strength of the PET means that it can resist enormous pressure, so that we can safely store high-pressure air in it. The PET bottles in common use won’t burst until at least 15 bar or so, although it would not be wise to try to utilize this ultimate strength. Relatively small blemishes or cracks could reduce that burst pressure a lot, while the screw-on top is unlikely to seal against such pressure.

The bursting disk blows out completely, rather than simply acquiring a small pinhole. This is because it has been stressed to the point where the critical crack length is very small—smaller than a pinhole in fact. Very small cracks in a stressed surface will simply stay that way. Large cracks, however, will grow larger, because the energy needed to grow the crack is less than the energy released from the stressed surface as the crack grows. The growth process is often very fast—supersonic in fact.

The critical crack length is the smallest crack in a stressed surface that will grow. The critical length is inversely proportional to the stress. So it is long in a low-stressed surface, and short in a high-stressed surface. Because we have stressed the very thin plastic of the bursting disk to a high degree, the critical crack length is exceedingly short, and even the tiniest pinhole will result in complete bursting of the disk.

And Finally . . .

The Soda Bottle Mortar could be enlarged of course. If you started with 250 ml bottles, you could upscale to 3 liter PET bottles. Beyond that size, it becomes difficult to find an appropriately strong, inexpensive pressure container that rivals the PET bottle. What about higher pressure? Nobody makes bottles out of even stronger polymers such as ionomers or polyimides like Kevlar. Of course, you could take the approach taken by gas-cylinder manufacturers and wrap a PET bottle with a strengthening layer of strong fiber, such as polyimide, and resin.

Even with the smallest soda bottles, however, the projectile is relatively large—which is helpful if you want to retrieve it—it is easier to find, and it comes back to Mother Earth at a relatively low speed. So you could use the Soda Bottle Mortar to launch something that you wanted back again in one piece. At night, you could launch a projectile with bright LEDs, powered by a coin cell battery, and photograph the trajectory with a camera with the shutter held open.

Near its apogee—its highest point—anything inside the bottle or its payload would be in free fall, or, in other words, would be in zero gravity. Just after launch and again when near landing, the bottle will be travelling fast against high air drag, so it is only when it is slowing down prior to falling again, and just afterward, that you will get true free fall. You also need to launch in a roughly vertical direction. Perhaps you could devise a very small camera facing inward, one with short-burst video, to record what happens to things inside the bottle as it flies. How would you trigger the camera, however? Then again, you could arrange for a camera facing outward to take an aerial photograph.
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The relatively large and lightweight nature of the projectile means that on Mother Earth it will not follow a parabolic trajectory, such as you might see somewhere like on the Moon. Instead, air drag means that the trajectory begins more or less in the form of a parabola, but then begins to droop below the vacuum curve and then descends more steeply than it ascended. You can get an idea of what the trajectory looks like by numerical calculation using a spreadsheet. The calculation shown assumes that the drag force is proportional to the square of the speed through the air. The graph below shows the sort of trajectory you might get:

[image: Image]
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3. OXYGEN FIREWORKS—THE GREENER, SAFER GROUND FIREWORKS SYSTEM



Goodness, gracious, great balls of fire—

Little Richard

Fireworks are typically made using a gunpowder-like mixture, a fuel such as carbon and/or sulfur with a solid oxidant such as potassium nitrate. They have probably been entertaining humans and frightening horses since the late first millenium, quite possibly originating in China or India in the 800s. Judging from contemporary descriptions, it would seem that for many years they were prized mainly for the explosive bang, rather than for any other effects. Perhaps this is not too surprising, bearing in mind that fireworks were expensive and exotic in their first centuries. And after all, colored flame and smoke were not unique to fireworks, whereas big bangs were.

It was comparatively late, then, before the spectacular colored effects we now associate with fireworks became common: in the 1820s and 30s, Italy, particularly Florence, led the way. Black powder for fireworks must include a major portion of an oxidizer like saltpeter, the old name for potassium nitrate. Potassium chlorate, discovered by Claude-Louis Berthollet only a few years earlier, in 1788, had become widely available to supplant saltpeter and Chile saltpeter (sodium nitrate). Chemists then added chlorides and chlorates of metals such as strontium for red, barium for green, copper for blue, and sodium for yellow. Potassium chlorate could volatilize and excite the brilliant atomic emission lines of these metals. Magnesium made brilliant white effects possible by 1865, when the great Crystal Palace firework displays in London pushed the art to a higher pitch.

Meanwhile, starting late in the nineteenth century, oxygen gas began to be a major article of commerce rather than a laboratory curiosity. Although known by early chemists like Scheele, Lavoisier, and Priestley, oxygen at first could not be extracted from the air, but had to be generated chemically. The availability of substantial quantities of it had to wait for the development of the air-separation methods used in manufacture. Oxygen became available in compressed form in steel cylinders starting in the 1880s and 1890s in industrialized countries, and the industry grew rapidly as the practice of the distillation of liquefied air (at –195°C!) spread. Many of the industrial gas suppliers we have today, large multinational companies such as Air Products, Linde, and L’Air Liquide, began at this time.

Someone made the discovery in the early 1900s that a metal tube packed with metal wire and fed with oxygen gas from one end could be lit. The burn bar, or “thermic lance,” as the device came to be called, was difficult to ignite by any normal means (such as a match). An oxyacetylene torch, itself then a piece of brand new high technology, was often used. It turned out that once lit, the thermic lance could not easily be dowsed, except by cutting off its oxygen supply. What is more, its dazzling white flame and the stream of molten iron droplets it showered out could cut through things. In fact the molten iron and oxide produced by the thermic lance can exceed 3000°K in temperature, and, unlike purely gaseous flames, can transfer heat very effectively to a workpiece.
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It was soon realized that the thermic lance was in effect a knife of almost magical power, capable of cutting any known substance, including steel or concrete, indiscriminately melting through anything that was put in its path. It quickly became popular with bank robbers! But thermic lances have fallen out of favor in recent years for drilling, supplanted by the now ubiquitous water-cooled diamond drill rigs.

In this project we draw these two threads of history together and combine them into Oxygen Fireworks. Tubes filled with wire and flowing oxygen gas, they burn fiercely and spectacularly and for longer than black-powder fireworks. And, curiously, all this spectacle comes with the added bonus of increased safety.

What You Need


Leather welder’s gauntlets/gloves

A visor (the type worn by gas-welders; not the standard electric-welding type, which would be too dark)

Metal tubing; e.g., in lengths of 1 or 2 m (3' or 6'8"):




6 mm (1/4") to 8 mm (3/8") steel (hydraulic) tubing

6 mm (1/4") to 10 mm (1/2") aluminum tubing

(Wall thickness should be 1 mm or less for steel, 1.5 mm or less for aluminum.)




2 mm steel wire (fence wire or a similar plain steel wire)

A 7 bar (100 psi) oxygen supply (a cylinder, a hose and regulator with an arrestor; all items should be correct and cleaned for oxygen service (oxygen clean)

A 1/4" degreased (oxygen clean) copper tube

A 1/4" brass union

A stand for holding the lance

A car battery

Heavy-gauge wires with alligator clips

A piece of copper plate, e.g., 100 mm (4") square, 2 mm thick

Metal salts for coloring flame and sparks (see below)




Safety Warnings

The thermic lance in its basic form puts out a huge amount of thermal power at high temperatures—well above 2000°C. A standard thermic lance is capable of burning through steel (or almost any other metal) or concrete (or almost any other ceramic). And our oxygen fireworks run even hotter. You don’t mess with that kind of power!

So: wear clothes that cover your entire body, ideally fireproofed cotton overalls (better still, overalls made of fire retardant, Nomex or some similar fireproof material), heavy leather boots, and heavy leather gloves. Wear goggles or at least safety glasses and a safety helmet or cap (be sure to tuck any long hair under it). Like any flame, the thermic lance will set fire to things that are flammable, so operate the oxygen fireworks outside over concrete or bare dirt, away from anything flammable. Don’t stand anywhere where sparks from the fireworks might go: they are small drops of molten metal, remember. Keep a bucket of water and a bucket of sand handy, and of course don’t use any kind of fireworks, oxygen or otherwise, during very dry weather in the summer when serious grass or forest fires are easily started.

Ensure that the oxygen supply and its valve are readily visible and accessible and well away from the sparks too. Oxygen systems are safe, as the hundreds of thousands of people who use them every day for breathing can testify, but they do need proper care. Poor quality oxygen regulators and other components have been known to go badly wrong, so don’t mess around with the oxygen: purchase a new regulator, hose, and fittings from a reputable supplier, specifying that they are all for oxygen service. The regulator should be fitted with a flashback arrestor in case a flame begins to travel back up the hose. The simplest type of arrestor is adequate—it includes metal mesh and a thermal valve that shuts when hot, preventing a flame from traveling back up to the regulator and causing a fire inside it.

Oxygen equipment must not be used with certain flammable rubbers and plastics, certain steel parts, or any traces of grease (it has to be especially degreased for O2 use). Never use grease or oil on oxygen equipment. Finally, equipment made for other gases could be dangerous with oxygen.

Always grip the firework in a clamp, not in your hand. Don’t hold the steel part of the oxygen fireworks in the clamp; always grip it by the brass fitting part. If anything appears to be going wrong at any moment, immediately shut off the oxygen supply and allow the lance and any metal splashes on the ground to cool for a couple of minutes before touching anything, even with gloves on.



What You Do

Pack thin steel or aluminum tubes loosely with steel wire (around 2 mm or so in diameter) to form the lance. One of the steel wires should be left projecting from the end of the tube to act as the igniter. The tube should be as fully packed as possible. However, the maximum packing achievable will still leave large gaps so that the oxygen can flow through the tube between the wires. Ideally, every lance should incorporate at least a small proportion of aluminum. Aluminum raises the temperature at which the lance burns and increases the amount of light it produces, as well as the brightness of individual sparks. You could use aluminum wire as a packing for a steel tube (it is sold as electric cable, for example, and for gardening).

The lance must now be mounted on a stand, with its gas input end firmly connected to the copper tube that leads to the oxygen supply.

Connect one of the battery terminals to the thermal lance copper tube using a heavy wire with an alligator clip. Connect the other battery terminal to a piece of copper plate lying on the ground. Connect another heavy wire with an alligator clip to the fence wire projecting from the end of the tube.

Now don your mask and gloves. Turn the oxygen gas cylinder valve on, and set the oxygen flowing at a low flow, using the regulator and control valve if you have one. The rate of oxygen flow that you need will depend upon the size of the lance and how well packed it is. Experience will tell you how much is right. As a guideline, you should have a flow that is low enough that it makes only a slight noise: if the oxygen is hissing out of the lance loudly, then you probably have too much flow. Touch the wire from the alligator clips at the end of the lance firmly down onto the metal plate on the ground. The wire will heat up to orange heat and fall off the lance with its alligator clip attached, but not before it has sparked the lance into pyrotechnical life.
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Now that you have the oxygen firework ignited, you can turn up the oxygen flow to throw the sparks higher. The oxygen firework should then burn fiercely and spectacularly, showering pretty sparks of iron upward. A stream of smallish blobs of oxides of iron and aluminum will rain down, which sounds dangerous. However, if the lance is running right and spraying the sparks high, the droplets of originally molten oxide cool rapidly as they fall, and will often be merely hot by the time they hit the ground. There will be a few larger droplets of molten oxide falling down as well, particularly during start up and if you change flow rates, however, so don’t stand underneath the shower, even if you do have a fireproof umbrella!

How It Works: The Science behind Oxygen Fireworks

The hydraulic tube is made of steel, an alloy consisting of well over 95 percent iron. Now, iron will react with oxygen spontaneously once it is above a certain critical temperature. That is why sparks fly off a grinding wheel when it is used on carbon steels. A grinding wheel does make the particles that it tears off the workpiece very hot. Touch the workpiece or the grinding wheel immediately after grinding and you can feel this heat.

However, the grindings are certainly not hot enough to glow white-hot of themselves. Rather, the particles are hot enough that if they are made of steel they burn in the air, forming iron oxide, and it is the energy from this chemical reaction that generates enough heat to cause the particles to glow yellow or white-hot. When grinding materials that do not oxidize in air, you do not see sparks, because there is no combustion taking place. If you want further proof of this, ignite a sparkler firework, and then plunge it upward into a large clear beaker that you have filled with helium. Flow the helium upward into the inverted beaker. You should find that the sparkler carries on burning with a bright orange or yellow tip, but the characteristic sparks simply disappear. The ignition temperature depends upon the concentration of oxygen in the atmosphere and also on the pressure. However, although the oxygen gas from the cylinder is supplied at high pressure—nowadays up to 300 barg (4500 psi)—that pressure is greatly reduced by the regulator and the valve on the flowmeter, and the tip of the lance is open. Thus the iron is burning simply at atmospheric pressure.


REPLACING BLACK POWDER WITH OXYGEN FIREWORKS

Conventional fireworks cannot be entirely replaced. However, oxygen fireworks may eventually be able to replace many ground-based fountain and gerb fireworks. And they could be very useful as background fireworks for more conventional pyrotechnics. They are easily assembled into set-pieces to form pictures or to spell out messages (Happy Birthday, and the like).

I think that this new concept has a strong logic in its favor. Oxygen fireworks are clean burning, their principal waste product being simple iron oxide. They should also be cheap: the only raw materials needed are steel (at $150 per ton or less only concrete is a cheaper solid) and oxygen (which costs as little as $20–30 per ton when purchased in sufficient bulk). Finally, and very importantly, oxygen fireworks are safer than standard fireworks. They are utterly safe and inert before oxygen is added—nonflammable as well as nonexplosive—and, once ignited, they are switch-off-able.*

Oxygen fireworks could, moreover, be conveniently used in large indoor or stadium venues, where their enhanced safety would be valuable, or at sites where fireworks are used frequently, such as Disney and similar theme parks. Disney has made a number of technical innovations in recent years with their radio-controlled compressed-air launch system for fireworks, which they developed to enhance safety and environmental impact while better synchronizing display effects. Oxygen fireworks would have advantages not only in terms of safety, but also when it comes to environmental protection and synchronization. (If anyone at Walt Disney is listening, just call me!)



Iron burning in oxygen should produce the magnetic oxide magnetite, Fe3O4, releasing energy ΔH as follows:

3 Fe + 2O2 → Fe3O4

ΔH = –1118.4 (kJ/mol), which is 6.6 kJ per g of iron input, the minus sign telling us that the heat you have to put in to make this reaction go is negative—it goes on its own, and the heat comes out, not in.

This is, of course, the driving power behind the rusting process that affects steel parts: they are fundamentally thermodynamically unstable. They just want to get back to being iron ore or rust, if they possibly can. The principal oxide formed in high temperature combustion, as indicated, is Fe3O4, with the iron in the Fe(II)/ Fe(III) state, while rust is a hydrated form of Fe2O3, in other words it is in the more highly oxidized Fe(III) oxidation state. Rust is not magnetic, a fact that is the basis for some methods of measuring corrosion in steel. However, magnetite is, as you can prove by picking up the splashes of oxide from the ground after operating the Oxygen Fireworks. Check that the splashes are not simply melted iron by testing their conductivity with a multimeter. You should find that they are insulating, or at least have a rather high resistance, much less than iron, which actually has a low resistance, but not as low as copper.

Aluminum, when it burns in oxygen, releases more energy than steel. That is why you will see higher temperatures and white or blue-white colors when you use a lot of aluminum tubing in a lance. Aluminum burning should produce aluminum oxide (Al2O3), releasing energy as follows:

4 Al + 3 O2 → 2Al2O3

ΔH = –1675.7 (kJ/mol), which is 31 KJ/g of the aluminum input. This is nearly five times the energy release obtained from the iron per unit weight, and it shows us why the addition of aluminum makes the lances run so much hotter and emit more light.

The process by which the oxygen firework produces a spray of sparks seems to be that a tiny molten pool is formed at the tip of the lance and continues to be formed as droplets from it are blasted high into the air. Different lance designs will produce different pools and will work differently. Sometimes, the pool of molten metal will be entirely blasted off, leaving insufficient hot fuel to keep the end of the lance alight. If you turn the oxygen flow too high, this is what happens: you get a last spectacular jet of sparks and then the lance extinguishes.

And Finally . . .

Much larger oxygen pyrotechnical devices can be built. It is possible, in fact, to make oxygen fireworks up to at least 26 mm (over 1") in diameter, with concentric tubes of aluminum or steel with wires. These larger lances produce a wonderful thundering noise and a positively Vesuvian tower of sparks in the night sky. It is also possible to light Oxygen Fireworks with no more than a one-amp current driven from a computer, making it possible to program the automatic ignition of many fireworks in a coordinated display. You might like to read all about how to make such professional Oxygen Fireworks in my patent (see “Patent”). The diagram (taken from the patent) shows some of the possibilities.
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Finally, one of the challenges posed by Oxygen Fireworks is using a metal salt to color the fountain of sparks. This is difficult to do in an efficient way. If you add metal salt, this should add its own coloration to the sparks, shifting the color away from the white/yellow color you get with aluminum and steel. You should get colors like:


Lemon yellow (the addition of sodium gives an intense yellow/orange light with sparks);

Apple green is produced by barium;

Strawberry red by strontium;

Intense white by magnesium.
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The presence of chlorine usually helps to unleash the atomic transitions that give these colors, but maybe other additives can help to release the colors more efficiently. Can you figure out a way to pack these salts into the steel tube, but avoid them being blown out when you turn on the oxygen flow? I tried soaking strings with metal salts, then drying them off and passing them down the tubing. But I couldn’t really get enough salt into the string. Maybe you can think of a better scheme.
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* Switch-off-ability is an advantage that might benefit future space vehicles. It would be significantly safer to use LOX + solid-fuel booster rockets, instead of pure solid-fuel rocket boosters, which include both fuel and oxidant in the solid mass. Various solid-booster accidents—including the Challenger tragedy—have shown just how valuable switch-off-ability can be. New private-venture spacecraft and sub-orbital spacecraft may well be designed to use boosters made in this way. There have already been test launches using LOX-solid boosters.



[image: Image]

BIGGER PROJECTS THAT NEED SPACE AND LARGER PARTS


 

The American is, by nature, optimistic. He is experimental, an inventor and a builder who builds best when called upon to build great.

John F. Kennedy

 







1. THE HELEVATOR—THE ELEVATOR OF OZ: IS IT A HELICOPTER OR AN ELEVATOR?



In the midst of the great Kansas prairies .... A strange thing then happened, the house whirled around two or three times and rose slowly through the air. Dorothy felt as if she was going up in a balloon.

L. Frank Baum, The Wizard of Oz

Elevators (aka “lifts”) are an example of technology that only became accepted and widely used after a considerable amount of engineering had gone into ensuring that it was safe. The standard history of a really new technology, leastways of one that arose in the Victorian era, seems to involve a whole bunch of accidents and problems. Accidents and problems and the grumbling they caused continued for years and years, and the bugs didn’t really get worked out until the new system was already widespread. Elevators have been used since the days of ancient Rome, if not before. The arena in the Coliseum in Rome used to have a subterranean complex beneath it, including, inter alia, a set of a hundred or so elevators by which gladiators and wild animals could ride up to floor level, where a trapdoor would open and let them into the arena. By the early nineteenth century, elevators were widely used for moving goods—they were a logical extension of rope cranes and the like, but they had not yet caught on for passengers. Nasty accidents caused by broken ropes seemed all too likely. The patent safety elevator brakes of Elisha Otis, amongst others, designed to instantly lock the elevator car in the shaft in the event of rope failure, at last put a stop to this in the 1850s. These ingenious braking devices took the brakes off the elevator business, which in turn allowed huge upward progress in the skyscraper construction business.

There have been many developments in elevators since Victorian days. Multiple elevators with express and slower cars with interchanges came about pretty quickly. The paternoster continuous elevator was introduced, and it is still in service here and there. Its design is very like the bucket-on-a-loop-of-rope system used since time immemorial to fetch water from wells—and which I have recently seen in widespread use in parts of India. As well as vertical shafts, some tall buildings have recently adopted cars capable of horizontal as well as vertical travel. But not many of these developments have caught on in a big way. Most elevators are still based on hauling a car up and down a vertical shaft with a rope or two. Here, however, we will dispense with all of those tricky ropes and complicated winches and replace them all with, well, almost nothing. Just some low-pressure air. Could our Helevator be the breath of fresh air that will at long last reinvigorate the elevator industry?

What You Need


A fan/motor unit from an old hairdryer, or a high-power (e.g., 8 W) computer fan

A variable DC power supply or a fixed DC power supply (e.g., 12 V) to match the fan, and a microswitch

A long large-diameter tube, ideally of some clear material, about 2 m (6.5' feet) long by 125 mm (5") in diameter

A lightweight cylinder-shape that fits neatly but loosely inside the tube (e.g., a soda bottle)

Duct tape

Sundry glues, wires, etc.

 

Optional

A radio control unit

An R/C servo

A valve disc (see text)



What You Do

First build a system something like that shown in the drawings. You need to get the lift shaft fixed safely in an upright position, with its end raised up a little so that air can enter the fan unit. The car should to be a reasonable fit so that air does not leak around it. But don’t worry too much about a fine-tolerance fit. You will be able to manage with a rather loose fit (with 2–4 mm of clearance), perhaps adding some foam draft-excluder tape to stop leaks, if needed (although you will then have to beware the friction caused by the tape). I used part of a large soda bottle as my car, cutting away a large area to allow passengers and test weights to be added easily.

The fan from a hairdryer is typically a low-voltage DC unit that can be powered by around 12 V. Ideally, you should have a variable-voltage drive, going up to 12 V or so, so that you can adjust the exact amount of power smoothly. However, an on-off control, using an easily operated push-button switch, like a microswitch with a small lever, would be OK, but it will require some practice to master.
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The doors can be made by cutting a suitable opening in the tube, then using the portion cut away as the back part of the hatch. A thin sheet of plastic, a little larger than the opening can then be glued to the back part. This can then be hinged with tape so that it closes the hole in the tube. A magnetic or other catch, or perhaps just duct tape, will allow the hatch to be kept closed as required.

Once all is ready, wind up the DC power until the car begins to move, then back it off a little. In general, the car will stick a little before starting to slide smoothly upward—static friction is always a little higher than dynamic friction.

Now try out your door system. The Helevator car will stop at the open door, since at this point the supporting air pressure will reduce as the door vents the airstream from the fan.

You can attach a manometer to the tube near the fan at the bottom. It will indicate the pressure that the fan is exerting on the air column supporting the car. You will likely be surprised at how small the operating pressure is.

Clearly, there is an element of fail-safe with a Helevator: if there is a leak into the tube or a door opens, the car will tend to fall until it reaches the level of the door. Then it will shut off the leak and pressure will build. In fact, you should find that with a closely fitting car that moves reasonably slowly, the car will simply stop at the open door or leak.

 

Valve Control

Instead of controlling the system from the fixed-fan station at the base, it is possible to work a Helevator from within the car.

Positioning a radio-controlled valve on the car will enable you to guide the Helevator in a high-speed (controlled) descent. By opening a large-area valve on the bottom of the car, you can bypass a lot of the airflow, and, depending upon the fan design, this will result in a loss of pressure sufficient to allow the Helevator to descend. With the valve closed, of course, the car will ascend. The simplest sort of radio control servo (sold in model shops) has a steering-wheel type of output: a wheel that turns through about 270 degrees on command. Screwing or gluing a much larger wheel-disk onto the servo is a simple way of providing a large-area valve. A couple of big sectors cut into this much larger disk either line up (valve ON) or don’t (valve OFF).

The use of radio-controlled valves might also allow the use of multiple cars riding on one air-column (read on to see how).
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Visualizing the Car Position

If you have been unable to obtain a clear tube for your system, you may want to think about a way of indicating the car’s position inside the opaque column. Here are some possibilities:


	Simply drill holes in the tube, a minimum of a 10 mm or so in diameter. Put clear sticky tape over the holes to prevent air leaks.

	Mount a bunch of LEDs shining outward on the top of the car, and drill with tiny holes (3 mm in diameter) into the tube through which the LEDs can shine. These holes won’t leak enough air to need sealing up.

	Use focused LEDs or lasers crossing the tube from one side and shining on a translucent panel on the other side. (I found that I could buy laser levels for just $2 each, and of course LEDs are just a few pennies apiece.)

	Or how about a string fixed to the car, running upwards to a couple of pulleys at the top, with a small weight dangling from the end of the string: this has the advantage of off ering a force to compensate for the weight of the lift, at least to some extent. The weight should be equipped with a horizontal pointer that points to a vertical scale which indicates the car level in reverse.



An alternative to these indicators might be some kind of electronic system:


	Perhaps an ultrasonic tape measure: this could be placed looking down on the top of the Helevator and thus read out its position in meters of displacement from the top. The numbers displayed will provide an indication of the floor, just like in a full-size elevator, but in reverse. Electronic tape measure units are readily available from industrial instrument suppliers, and some, at least, are not expensive. Those promoted for school use are particularly inexpensive. Be aware, however, that these units can be confused by doors and holes in the tube, which provide ultrasonic reflections just as the car does.



How It Works: The Science and the Math behind the Helevator

The weight (W) supported by the fan depends simply upon the differential pressure (ΔP) the fan is capable of, and the base area (A) of the car:

W = ΔP A.

So, other things being equal, you can send a heavier elevator car up and down if you use a tube of larger cross-section. The differential pressure (ΔP) you get from a fan turning at a certain speed is less easy to estimate, but it is proportional to the square of the speed of the tips on the fan. Put more power into a fan of a given size, and, obviously, you will get more pressure. It is perhaps less obvious that, other things being equal, you might get the same effect by using a fan of a bigger diameter.

The speed at which the car can rise will depend mostly upon how quickly the fan can push air into the elevator shaft, and is calculated simply by multiplying the pitch of the fan blades by the rotation speed. If you have a rev counter that will work on the fan, you can measure its rotation speed. The pitch of the fan may be stamped on it or on its packaging if you have purchased it. If not, you can figure out the pitch by measuring the angle to the horizontal of the tips of the fan blades. The pitch is the distance the fan blade would go if it were screwing itself along—imagine air as a kind of soft butter and you get the right sort of picture. In fact, the pitch is given by multiplying the angle in degrees by the radius, by 4 and π2, and then dividing by 360. So if the angle you measure is 10 degrees, for example, and the radius 4", then the pitch will be 4.4", and the fan or propeller will be described as 8" × 4" (diameter × pitch). Such a fan, rotating at 6000 rpm, or 100 revs per second, will fill an 8" tube at the rate of 400" per second, or 10 ms-1—20 mph.

There is a secondary effect due to the mass of the elevator car: the acceleration (a) you can achieve is proportional to the area (A) times the difference between the pressure (Ph) needed to hover the car and the pressure (Pf) you actually have from the fan, which will vary as the car moves, and is inversely proportional to the mass (m). Or in math:

a = (Pf - Ph) A / m.

And Finally . . .

How big a Helevator system could you easily make? Plastic pipe is made at very low cost for underground water drainage. It is readily available in diameters of 150 mm (6") or even 200 mm (8"). Maybe you can find some scrap pipe that is even bigger. With a few windows cut in it to allow visualisation of the car’s position, it would work nicely.

What about putting the fan unit at the top of the Helevator tube? Don’t forget that air needs to come in—and go out—at the bottom of the tube, or from doors below the car. The tube will run at a negative pressure relative to the atmosphere outside. When a door is opened on the tube above the car, air will enter, killing the vacuum pressure and allowing the car to fall.

If a door is opened below the car while the car is falling, then the car may accelerate downward. Once it gets to the door, the car itself will block off the air loss from the door. However, once the car has passed the door it will plummet earthward. Could you fix these problems and make a fan-on-top system work well?

If you have managed to make a valve-controlled Helevator, how about running multiple cars in the tube? It might (just) be possible to run more than one car from a fixed fan, through the cunning use of by-pass valves. The system could work as follows:
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And what about a horizontal Helevator? The famous Shin-kansen or Bullet Trains of Japan are not really bullets—they do run a lot in tunnels, but they aren’t a tight fit in them. The Tube subway trains in London are a tighter fit, and the network does rely on the trains pushing air through the tunnels as they go to keep the system from overheating. A horizontal Helevator, however, would be a real bullet train, fitting into its tunnel like a bullet in a barrel.
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2. AN AIRBAG OSCILLATOR—YOUR BODY FORMS PART OF THIS RIDE-ON BROBDINGNAGIAN OSCILLATOR



You know you are old when your Zimmer frame has an airbag.

Note: “Zimmer frame” is British for a “walker.”

Anon.

Electronic oscillators are very important to us today. All radio or wireless devices—both the transmitters and the receivers—use an oscillator. Oscillators lie at the heart of ultrasonic technology in medicine and echo-sounding. The heartbeat of a computer is provided by an oscillator. But all of these oscillators are tucked away inside small enigmatic boxes of small enigmatic components that just seem to sit there doing nothing that anyone can discern. They are in fact so small that we speak of them as microelectronics—electronics so small that their component parts are only visible under a powerful microscope. And only with the aid of an oscilloscope can you prove that the oscillator is actually doing anything at all. This oscillator project is refreshingly different: it is macroelectronic rather than microelectronic. We are make going to construct an RC oscillator that is REALLY big. So big that you can see it working properly and really come to grips with it. In fact, so big that you will be able to sit on it and a ride it up and down (almost) like a roller coaster!

What You Need


A garden vac or leaf-blower (the least expensive kind is fine—and we won’t use the vacuum function, so possibly a blower-only type would do)

A 12 V relay (mains-rated contacts, with at least 2 NO contacts, see text)

A mains electric adaptor with room inside it for a relay—a multi-way adapter will often be big enough

A 12 V battery

A pressure switch that operates at just tens of millibar pressure (e.g., one salvaged from a washing machine or dishwasher)

Tubing to fit the pressure switch

A fitting for tubing to fit the garden vac’s bag (see text)

 

For the Manometer

A U-tube manometer (a graduated vertical piece of wood with plastic tubing fitted to it)

Red food dye and water



What You Do

You first need to modify the bag of the garden vac, so that it is more-or-less airtight. The easiest way to do this it to put a large PE plastic garbage bag inside it, making sure the garbage bag is big enough to fill—or more than fill—the bag, and that it is allows air to enter from the vac fan in the normal way. If you are using a leaf blower, then you will need to make a suitably large more-or-less airtight bag.

You will need a 110/240 V mains supply that is switched on and off by a relay. The relay can often be incorporated in a mains electric adaptor of the multi-outlet type. The two 12 V relay coil wires need to be routed out of the box or mains housing in such a way that they cannot possibly touch the 110/240 V wires themselves. The 110/240 V power should be wired through the relay—live and neutral wires via two NO contacts—so that no current flows in the absence of input to the relay. Alternatively, you can take the mains power via a strong insulated plastic box via an inlet and outlet rubber grommet, as shown in the diagram. The mains power live and neutral wires then go via the NO (normally open) and common (C) contacts on the relay as before.

The pressure switch will usually have three contacts: common (C), normally open (NO), and normally closed (NC). In our case, we need to use the C and NC contacts to operate the circuit from the 12 V battery to the relay coil. Electrical contact will occur between C and NC when the pressure switch has near zero pressure, and it will cease when a certain positive pressure is reached. If your pressure switch has 6 contacts, then it is probably a double-pressure switch, with two different operating pressures.
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The pressure switch pressure input must be connected via a piece of tubing to the garden vac bag somehow. I used a large pop rivet as a fitting. I removed the pull-rod, or anvil, inserted it from the inside, and taped it in place over the flange of the rivet (with a hole in the tape where it goes over the rivet). You can then push the tube over the cylindrical end of the rivet. More simply, you could simply push the tube through a hole in the bag, then twist it so that it lies parallel to the bag wall, and tape it in place with duct tape.

Finally, tape the bag onto the garden vac, so that it can’t suddenly deflate. Similarly, keep your hand near the mains off switch while testing, so that you can avoid overinflating the bag and bursting it. If the bag bursts or deflates suddenly due to the connection coming off while you are in the saddle, you could find yourself hitting the floor with a big bump.

Now put the bag on the floor and sit on it—or get someone else to be your human guinea pig—and switch it on. You should find that the garden vac immediately comes on and the bag fills, lifting you up. Try to stay seated on the middle of the bag. Once full, you should hear the pressure switch and relay click, and the motor die, while the bag gently subsides, letting you back down to the floor. Once you are on the floor, the pressure in the bag drops to the point where the pressure switch clicks back to its low-pressure position, switching the fan back on and inflating the bag once more . . . and so the oscillations continue.


Hazard Warning

You need to be confident in your abilities to wire up electric mains. If in doubt, get someone who really does know what they are doing to help.



If there is no one sitting on the bag, then the system will oscillate much more rapidly. The bag will fill up, slowly as before, and then the garden vac will switch off as before, but now it will only deflate a little before the pressure drops and allows the fan back on, so the cycle time becomes much shorter. With a rider sitting on it, the bag must deflate until the rider is on the floor before the pressure drops.

Troubleshooting

You may find that the motor simply doesn’t switch off. Check that the tube from the bag to the pressure switch is OK. If that isn’t the problem, it may be that the pressure switch is simply set too high for it to switch off, even with the full pressure of the garden vac. The switch will often be adjustable. There will be an adjusting screw somewhere, perhaps hidden under some sealing wax. Once you locate it, adjust it until it switches over at a suitable pressure. Or, more simply, you may find that the switch has two pairs of contacts, one switching at a higher and the other at a lower pressure, and that you have happened on the higher one. In this case, just swapping the wires over to the lower pressure contacts should work.

The other issue—which we discuss below—is the hysteresis needed to make the oscillator work. You will find that the switch flips off at a certain pressure (Poff), and switches on again at a lower pressure (Pon). The difference between these pressures, (Pon and Poff), is called the “hysteresis.” This isn’t usually adjustable, but it normally has a roughly suitable value. All of the several washing-machine pressure switches that I have tried work just fine.

How It Works: The Science behind the Airbag Oscillator

The Airbag Oscillator is technically an RC (short for “resistor-capacitor”), or relaxation, oscillator. An RC oscillator works roughly as follows: the device supplies substance X into a storage container at a fairly steady rate, until such time as that container is full, at which point it flips off the supply of X automatically. The supply stays off until such time as the level of X in the container falls below Y percent of full, whereupon the supply-stream is resumed and the filling up process repeats again. You can easily write a computer model for the process with a spreadsheet. Put time increments in the first column, then in the second column put a zero and then fill the rest of the cells with a formula like:

= IF((B5 + 0.1* (10 – B5))< $C$3,B5 + 0.1* (10 – B5),0).

Put the first and second columns on the X and Y axes of a scatter plot to see what is happening.
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This cell entry supplies a steady increase (the 0.1*(10 – B5) term, until the threshold $C$3 is reached, when the oscillator resets back to zero and the cycle repeats. Try varying the cell formula. What is the effect of the threshold value?

In our project here, the container is the bag of course, while the steady supply is air from the fan of the garden vac, with the threshold switching provided by the relay and pressure switch. The more conventional way to demonstrate an RC oscillator is with a neon lamp, with a capacitor across it, and current fed to it via a resistor.

The resistor charges the capacitor up to an increasing voltage, and this same voltage is also applied to the neon. When a certain voltage, around 90 V, is reached, the neon gas atoms, normally stable and electrically insulating break down into neon ions and electrons. The ions and electrons conduct electricity, and a large current flows, discharging the capacitor. An optional small resistor limits the current, making the oscillator work better because damage is avoided to the neon lamp tube. The neat thing about a neon oscillator is that it flashes on and off as it operates—the neon gas in the tube is also an indicator, glowing its characteristic bright red color whenever it is conducting. These processes can happen very quickly in the neon gas, so a neon oscillator can be made to operate at intervals ranging from once every few seconds to tens of thousands of times per second.

By the way, if you want to make one of these, beware of the voltage needed—100 V or more DC—which is just enough to be a hazard. A much lower-voltage version of the same thing can be made using a semiconductor device called a DIAC. Although DIACs don’t emit flashes of light, they will oscillate nicely at a very safe 30 V or so.
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The bag will lift you or your assistant up when the pressure (Pi) gets up to Pi = M g /Aeff, where M is your weight, g is the acceleration of gravity and Aeff is the area that is effectively supporting you—the effective area is a little less than half the bag, but rather more than the area of your gluteus maximus.

You may wonder where the air goes when the fan switches off. After all, you sealed the garden vac bag up by lining it with an impervious plastic bag! The answer is, of course, that the air goes backward out through the fan blades once the fan slows down.

If you didn’t have hysteresis, you would end up with a lot of noisy flipping on and off many times per second while the system switched over. In the worst case, you wouldn’t get an oscillation at all, just a kind of wild rapid noisy switching without any pattern to it.

We arrange for the hysteresis to be big enough here that the bag will more-or-less completely fill, but then more-or-less completely empty. When it is finally full, the bag’s pressure will rise sharply, which then flips the pressure switch and switches the fan off. The pressure will then fall. However, with someone sitting on the bag, the pressure won’t fall to zero—it will fall, as we discussed, to a value Pi, while you are gently subsiding to the floor. This value Pi must be big enough that the switch will remain off. Once you get down to the floor, of course, the pressure falls further toward zero and the pressure switch will close and activate the fan once again.
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And Finally . . .

What about an airbag version of a multivibrator? A multivibrator is a kind of RC oscillator in which there are two identical containers that play a kind of Ping-Pong. First one fills up while the other drains, and then they swap roles, with the second filling up and the first draining, and so on.

Can you emulate this behavior with airbags and garden vacs or with other powerful fans? You might be able to make it work by connecting the pressure switch between the two airbags and having the switch operate a relay with its NC contact on one bag and the NO contact on the other. With luck, your two assistants would wind up riding airbags, one going up while the other came down, like a crazy kind of teeter-totter. You could also have a go at modeling this on a spreadsheet. Try variations along the following lines.


Column A time (0, 1, 2, 3, 4 . . . )

Column B container A: 0, = IF((B40 + 0.1*(10 – C40))<$C$3,B40 + 0.1* (10 – C40), 0) in 200 cells below

Column C container B: 3, = IF((C40 + 0.1*(10 – B40))<$C$3,C40 + 0.1* (10 – B40),0) in 200 cells below.



A suitable starting value for $C$3, the threshold, might be 10.

This should produce a set of Ping-Pong antiphase oscillations in the B and C columns.
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3. A BUBBLE-TUBE OSCILLATOR—TRAINS OF BUBBLES CHASE EACH OTHER UPWARD



Oh, say can you see by the dawn’s early light

What so proudly we hailed at the twilight’s last gleaming?

Whose broad stripes and bright stars thru the perilous fight,

O’er the ramparts we watched were so gallantly streaming?

And the rocket’s red glare, the bombs bursting in air,

Gave proof through the night that our flag was still there.

Oh, say does that star-spangled banner yet wave

O’er the land of the free and the home of the brave?

Francis Scott Key, “The Star Spangled Banner”

William Congreve is best known for his work in rocketry. He was responsible for the setting up of the Rocket Brigade of the nineteenth-century British Army, and so, indirectly, for the “rocket’s red glare” that features in “The Star-Spangled Banner.” He was also known for his curious rolling-ball clocks. Popular with amateur metal workers, Congreve clocks use one or more polished steel balls that roll down multiple inclined planes or tracks as their time-keeping element. At the end of each plane, the ball slows almost to a stop momentarily because of a sharp turn in the track. In this way the ball is kept progressing at an average speed that is quite slow until it eventually reaches the end of the series of inclines. Each time a ball reaches the end of the downward staircase, it resets a mechanism that advances the clock and either winds the ball (or one of its companions) up to the top of the ramp again or reverses the ramp slope. Congreve’s clocks are thus examples of a type of delay-line clock. They don’t in fact keep particularly good time—contrary to Congreve’s claims—but they are fascinating to watch.

The clock we are about to construct is, like Congreve’s, a delay-line clock. However, the balls go upward, and they are not solid spheres but bubbles. Because bubbles floating upward almost instantly reach a steady limiting speed, we don’t need Congreve’s multiple tracks. And instead of mechanical detection of the ball, the instrument uses the increase in electrical conductivity caused by the arrival of bubbles.

Bubbles in tubes have been used for a number of devices in the past, and some continue to be used today. The Sprengel vacuum pump, for example, used the weight of slugs of mercury to pull bubbles of air out of a vacuum chamber, and was an important scientific instrument in the days when most mechanical vacuum pumps were little more than crude bicycle pumps with the seal inverted. The use of air lift pumps for handling corrosive chemicals is still common. A long tube with, in effect, a mixture of liquid and air bubbles, has an average density that is low. The height to which different liquids on each side of a U-tube will rise is inversely proportional to the density of the liquids, allowing the less dense mixed air/liquid to rise to twice or three times the height it would reach in a pure liquid side. The air-lift pump makes it possible to use a simple air pump to transfer corrosive, poisonous, or otherwise dangerous liquids to a gravity-feed tank, from which they could be easily dispensed to wherever it is that they are needed.

Decorative bubble tubes have been around for many years, but they are especially connected with the 1960s, when, along with fiber-optic lamps and lava lamps, they became popular decorative accessories. Bubble-tube lamps are simply clear vertical cylinders a few inches in diameter, filled with water through which small bubbles continuously stream. Equipped with a lamp in the base that slowly changes color, these lamps are in fact still rather easy to find and inexpensive. It is for the latter reason that I chose to use them as the basis for our bubble clock in a kind of homage to William Congreve . . .

What You Need


A bubble column (preferably the sort that runs off a 12 V AC or DC supply adapter)

A relay

Diodes

Transistors

Capacitors

Distilled or deionized water



What You Do

Check out the circuit diagram below. If the bubble column is supplied with domestic mains current directly, at 110 V/240 V, then you will need a 12 V output transformer to supply the diode bridge rectifier (or you could use batteries). The diode bridge output is fed to a smoothing capacitor to give a rough-and-ready 15 V of power to the two transistors and the relay. If you have a mains power adaptor that is low-voltage DC, then you can omit the diode bridge and capacitor. The two transistors are connected together to form one super-high-gain factor transistor, a configuration known as a Darlington pair, where the transistor gain factors multiply together. So if each transistor has a current gain of 200, then the Darlington pair will give a current gain of 200 × 200 = 40,000. You need that kind of current gain if you are going to get enough electric current to trigger the power transistor, given that only few microamps are available from the sensor wires.

It is best to use distilled water in the bubble oscillator. Deionized water is an alternative to distilled, and both are strongly preferred to water from the faucet, because the latter simply contains too much in the way of dissolved salts—especially calcium, magnesium carbonates, sulfates, and chlorides. As the water evaporates near the top of the tube, it will leave grimy deposits of these salts on the plastic, which are not easy to remove.
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However, distilled water is free from the ionic contaminants that make ordinary household water, and especially seawater, good electric conductors. So we will need to add a little white vinegar to the water, just 100 ml or so in a couple of liters of water. This will render the water slightly conductive to electricity and so make the device work, without leaving salt deposits when the water evaporates.

The power transistor is wired to the bubble-tube compressor to invert the logic of the sensor: we want air pumped only when the sensor is not detecting any bubbles. Check that when you immerse the sensor wires into the water, the transistor switches the power transistor off and stops the bubble injector pump.

Now, with everything switched on and the bubbles coming up, lower the sensor into the bubble column until it just switches off. Now fix the sensor at that height by bending the connecting/support wires.

You should find that the when the bubbles that were originally injected finish running through, the water level in the bubble tube, especially the level in the sensor cone, subsides and leaves one or both of the sensor wires clear of the water; at which point the pump will start up again, and again fill the column with bubbles—until they reach the sensor when the pump stops again . . . and so on. Each time it looks as if the column will be clear of bubbles, the pump switches on again and starts making more bubbles, just as the previous batch of bubbles finish rising through. The oscillation period of our bubble clock will probably be a few seconds. For half of the oscillation period the pump is switched off, and for half it is switched on: half with the bubble column full of bubbles, and half with it empty.

The Surprising Parts

The oscillation period depends upon the length of the bubble column and the size of the bubbles. Curiously, it does not depend very much on the viscosity of the liquid. (Although this only applies if you use a watery liquid in the column: you would certainly change the speed of the oscillator—to very slow—if you used dilute Jello or sugar syrup). As the viscosity of liquids is very temperature-sensitive, the oscillator would make a poor clock if the oscillation period depended on viscosity.

How It Works: The Science behind the Bubble Tube Delay-Line Oscillator

In a large bubble column with small bubbles that are not too close to each other, you can calculate how fast the bubbles rise and hence the speed of the oscillator.

A ratio can be calculated, called the Reynolds number, to discover whether forces of inertia will dominate over the forces of viscosity in a particular flowing-fluid situation. If inertial forces are large, the Reynolds number is large, and flow will be turbulent.

    RN = ρ V R / η,

where ρ is the water viscosity, V is the speed, R is the characteristic length (here the bubble radius), and η is the viscosity. If we use the experimental value of 0.33 m s-1 for the bubble speed, we get a Reynolds number of 330.

The period of one of the oscillators I tried is around 3 seconds, and I measured the bubbles to be around 2 mm in diameter and moving upward at about 0.35 m s-1.

We can use Newton’s approximation* to obtain the drag force on a bubble rising at this high value of Reynolds number. Once the bubble has risen a few centimeters, it will be going at a speed where the drag force will be equal to its buoyancy force. This speed is constant up the rest of the bubble tube, the terminal velocity. Equating the two leads to a rising speed of the bubble (Vo) of

Vo ~ [image: Image](g R / Cd),

where g is gravity, R is the bubble radius, and Cd is the drag coefficient, which is 0.44 for a rigid sphere. Thus, in the case of nonlaminar or turbulent flow, we have a terminal velocity that is only weakly dependent upon the radius of the bubble, and in which the viscosity of the water is actually irrelevant, at least at the level of approximation we are using here. This formula, with a correct choice of constants, gives a Vo of 0.37 m s-1.

The size of the bubble column has some influence on the timekeeping of the bubble oscillator only if the bubbles come close to filling it. Bubbles rising up a narrow tube are slowed because at the same time as they are going up at speed [image: Image] liquid is going down at speed U: if the tube is narrow, then U can be just as big, or even bigger than [image: Image] and this need for the liquid to squeeze past the bubble at a high velocity means that the bubble rises more slowly. There are other issues that would need to be taken into account in a detailed study. Adding a little dye (a few crystals of potassium permanganate, if you don’t mind too much about the cleaning afterwards) will show you that the bubbles actually cause the water to flow, swirling around in convection cells of a size a little smaller than the column’s diameter.

If larger bubbles ascend faster than small ones, why isn’t the column filled with tiny bubbles crawling upward, while their bigger brethren gallop upward? Well, the above estimate is for isolated bubbles. Crowds of small bubbles very close together behave very much like large single bubbles and ascend rapidly. And oversize bubbles often split up as they accelerate into smaller ones. Finally, bubbles do actually have an internal flow pattern, which also affects their speed: the water on the surface of bubbles is not rigidly attached to the surface as it would be, for example, on a Ping-Pong ball, but can circulate around the shape of the bubble, and the air inside the bubble also circulates.

You may wonder why the sensor needs to act in a negative sense in the design suggested above. Surely it would be easier to time a pulse of bubbles up the tube and trigger another pulse each time a pulse made it to the top? Well, it is not quite that easy. The new pulse needs to be of a fixed length, and you need to make sure that longer pulse on the input does not lead to a longer pulse on the output—which is not how most electronic monostable pulse circuits work. With a standard monostable, the circulating pulse gets a little longer, or a little shorter, with each cycle, until eventually the circulating pulse disappears altogether, which would result in the bubbles being switched on continuously. But on the other hand, you don’t want to have the monostable switched on by the least little random bubble: you would get spurious short cycles whenever this occurred, and in the rather random assortment or bubble sizes and motions in the bubble tube, this wouldn’t be infrequent.

Using a negative sense for the sensor means that the oscillator tends to operate with a pleasing and stable oscillation cycle: 50 percent on and 50 percent off. First the tube is filled, then it is emptied. This kind of behavior is quite typical of this class of delay-line oscillators, in which a delay device is first filled and then emptied, with a speed that is determined by a physical phenomenon and geometry (in this case, the rise time of bubbles up the length of the tube) rather than by an invisible setting of a component like a resistor value (as in, for example, the common two-transistor multivibrator oscillator).

And Finally . . .

You could try simplifying the whole gadget by replacing the electronic amplifier with a simple pair of contacts, operated by a float that either sinks or is carried up when bubbles reach it. I felt that the additional complexity of the electronics was compensated for by the simplicity of the sensor. But maybe you disagree: so try out the float-switch approach if you like.

If you are inclined to the more complex, you could try to engineer the pulse mode alluded to in the analysis section above: you will need a pulse generator or a monostable, which will trigger a pulse of limited time, for each sensor input. You will also need, ideally, to lock the sensor off for a period after each pulse to avoid spurious retriggering. Some pulse generator circuits, after giving a pulse, will not retrigger for a while; they have a dead-time during which they will not retrigger. Using this type of pulse generator would simplify the design of a pulse-mode bubble oscillator.

The sensor in the example above is intended to sense the water column rising in the funnel, which is generally a bigger rise than what happens outside the funnel. However, an equally valid method would be to use the fact that with a full column of bubbles, the overall volume of bubbles + water is sufficiently great that the tidemark on the side of the column is going up and down too, often half as much as inside the funnel. So, while still using the funnel to take the bubbles into the center, you could complete the system feedback loop by using bridging contacts sensing the tidal movement in the column. The resulting oscillator would have the same time constant, but it might oscillate more reliably.

Confined Bubbles

As indicated in the analysis above, the bubbles in the bubble column are mostly free in their motion: they behave in a way which is related to the behavior of bubbles rising isolated in a stationary volume of water. However, as the tube shrinks in size, the behavior will more and more resemble the slugging motion of air in a small tube. Slugging is when air rising up a pipe forms into elongated spheres, cylinders with spherical end caps, that nearly fill the pipe. As the bubble rises, the water falls in a thin film downward around the walls of the pipe. Because of the way the water is forced to flow through the narrow annulus past each slug-bubble, the progress of the confined bubbles upward is very much slower than that of free bubbles.

But could we build a delay-line oscillator out of confined bubbles?

And finally, could you build a bubble-tube oscillator with a zigzag tube (with the bubbles zigzagging upward rather than downward of course)—a slow-running bubble clock to truly rival the Congreve clock?!
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* Drag force F = 1/2 ρ [image: Image]2 C d π R2. We can easily show that the bubbles are not showing the viscous-flow behavior typical of a low Reynolds number. George G. Stokes, assuming laminar flow with a Reynolds number of less than 0.2, calculated the drag (D) on a sphere of radius R with a fluid of viscosity η, and velocity (V) as follows: D = 6π ηRV. The upthrust force (F) on a bubble (which is the same as the upthrust force on a sphere of water of the same size as the bubble) will be:

 

F = m g = 4/3. π R3 ρ g (= 0.0011 N, for the values given above),

where ρ is the density of water and g the acceleration due to gravity. At first, when the bubble is ejected from the tube at the base of the column, it will accelerate, as the drag force is small for small values of V, but it will only accelerate until F = D, its terminal velocity (Vo), which is estimated as follows:

 

6π η R Vo = 4/3. π R3 ρ g.

 

Hence Vo = 2 R2 . ρ g / (9. η). As can be seen, the terminal velocity is proportional to radius so big bubbles will ascend more swiftly than small bubbles. The speed is inversely proportional to viscosity, so you can expect a very slow bubble clock if you fill it with sugar syrup. In our case, with bubbles 2 mm (3/32") in diameter in a column of water 500 mm (18") tall, this version of the Stokes formula gives:

 

Vo = 2 m s-1.



4. THE PREPOSTEROUSLY BIG PARTY BLOWOUT—THE HOLIDAY PARTY FAVORITE SCALED UP TO SPAN FOOTBALL FIELDS



Roll out the barrel, and we’ll have a barrel of fun.

Roll out the barrel, we’ve got the blues on the run . . .”

“Beer Barrel Polka,” originally Czech, English lyrics by Lew Brown

The history of party blowouts is probably tied up with the history of other party novelties, such as the traditional British Christmas cracker (a small firework that lets off a bang and shoots out a small gift when it explodes). The Tom Smith company in London invented the Christmas cracker in 1847 to supplement their sales of other Christmas specials like wrapped sugar almonds, and it seems likely that the party blowout was also a Victorian-period invention.

To anyone unfamiliar with the party blowout, it is a flattened tube that stays wound up in a spiral, held by an internal springy wire, until it is inflated. There is a mouthpiece at one end and a whistle or reed hooter and a couple of feathers at the other end. When you blow into the mouthpiece, it unrolls, flapping its feathers around and then sounding the hooter.

Now let’s talk scale-up! The average party blowout is just 300 mm (12") long. So how about a party blowout that is 10 times longer? That’s going to be tricky, wouldn’t you guess? And making it 100 times longer—30 m (110 feet), is most likely impossible, right? So a party blowout 150 m (500 feet) long—or 500 times longer than the original—must be totally out of the question. Well, actually, no. Actually, with assistance from a bunch of kids at the Saturday science club, I made one that long. Maybe you could make one even bigger?

What You Need


A reel of layflat PE film tubing; e.g., the 100 mm or 150 mm (4" or 6") diameter tubing used in heat-seal packages for small components

A cardboard cylinder

An air pump capable of at least 100 millibars (1.5 psi) or so pressure and capacity >30 liters/min; e.g., a high-capacity fishtank aerator

A whistle or party horn, a bunch of brightly colored paper or tinsel or feathers

[image: Image]

A wooden board about 2 m (6'6") long

A short piece of pipe to fit onto the outlet of the air pump

 

Optional (for a man-powered party blowout)

A pipe manifold for about 4 to 6 people to blow

A set of 4 to 6 one-way check-valves, perhaps homemade flap or ball valves (see text)

 

Optional (for a floating heliblowout)

A helium gas cylinder with a gas pressure regulator or flow regulator valve



What You Do

First connect the fishtank pump to a piece of pipe, and connect the pipe to a suitable length of the layflat tubing coiled up onto a cardboard or plastic cylinder. (Use duct tape or something of the kind as a seal.) Now start the pump and aim the roll of tubing in a suitable direction along the floor. With luck you should find that it unrolls steadily across the floor, at a rate determined by the pump’s flow rate.

To complete the illusion of the Big Party Blowout, you can add the colored paper, tinsel, and/or feathers to the inside of the cylinder, so that these stick out horizontally and rotate as the blowout advances. You can even add a horn or whistle to a hole in the last turn of the layflat tubing. When the device gets to the end of the tubing, the horn will sound.

Now prop up the wooden board and try unrolling your Party Blowout up a slope. What kind of angle can you reach before the effort of blowing exceeds your abilities or those of the pump?

A Man-Powered Blowout

To power a giant blowout by human blowing effort you need sustained teamwork. The more team members you can recruit, the better. Each member will need to have a check-valve in their mouthpiece, to prevent loss of air while they are taking in fresh air. I used a simple flap-type check-valve made from sticky tape that springs back over the end of the blowing tube. Alternatively, you might find a supply of out-of-date disposable breathing-circuit valves from the breathing circuits used in many hospitals. These typically have a simple rubber disc valve that flaps and seals against reverse flow like the sticky tape check-valve.


Hazard Warning: CO2 and Hyperventilation

Don’t let your volunteers hyperventilate. Hyperventilation can wash all the CO2 from the body, and cause the blood to turn acidotic, causing all sorts of problems. Also, an excess of CO2 is what stimulates the human body to breathe. So without enough CO2, we might forget to breathe—which is obviously pretty dangerous.

A while back I built a xenon gas recirculation system, which was used for tests of xenon as a protection against neural damage during heart operations. It was a fairly complex system, but two controls on it had prime importance: the oxygen control (you don’t want your patient to run out of oxygen) and the recirculation flow control—to prevent patient hyperventilation and hence CO2 washout.



The Floating Heliblowout

If you can get hold of some helium, maybe you could make a Heliblowout. With helium gas and fairly large-diameter layflat tube made of thin (high-gauge number) film, it is in fact possible to make a giant blowout that, thanks to the bouyancy effect of the helium, will float in the air.

You could try the disposable can type of helium supply, although getting the correct flow out of the nozzle will be tricky. I have tried alternatives that will probably work better for you. A standard high-pressure (200 or 300 bar—3000/4500 psi) He cylinder with a pressure regulator worked well, as did a reusable canister at 40 bar with its special flow-control nozzle. You need a very lightweight material for the layflat tubing. I calculate (below) that layflat tubing with a diameter of 150 mm (6") has a lift of less than a gram per 10 cm length, so that is the upper limit of how heavy the tubing can be. You will need to seal up the distal end, as before, and this time mold the proximal end around the helium cylinder’s outlet nozzle and tape it on firmly.

How It Works: The Science behind the Preposterously Big Party Blowout

The Giant Party Blowout unrolls because the air pressure forces a wedge underneath the roll, and the roll then basically proceeds down the slope. Its speed is simply governed by the volumetric filling of the tubing. With a volume flow rate of Q liters/min from the pump, the maximum rolling—or is it unrolling?—speed [image: Image] is given by Q divided by the cross-section area of the tubing.

The critical pressure (Pcrit) at which it will just roll is not readily determined for the case of a flat surface. There are several factors that cause the difficulty:


	The walls of the layflat tubing sticking slightly. They will charge up electrostatically, sticking together as they are separated. (As with tape, you may see sparks if you unreel the tubing in the dark.)

	The rolling or static friction of the roll on the flat surface.

	The distortion of the roll from the cylindrical shape.



As soon as there is a slope, however, neglecting all the above factors, we can estimate (roughly at least) how much pressure is required. We can think of the tubing as the cylinder, and the roll as a weird kind of piston, so that when air is pumped in the tubing forces the roll along.

Now, the pressure exerted by the air inside the inflated tubing, multiplied by its cross-section area, must be about equal to the horizontal component of the weight of the roll when the roll is just about to move. The effective weight of the roll is simply the tubing material’s density (ρ) multiplied by its volume, π R2 W, and the acceleration due to gravity, and then you need a factor sinθ to give the horizontal component. The width (W) is simply half of the perimeter, which is π times the diameter. Figure all this out and you should arrive at the Big Party Blowout Equation, which gives the minimum pressure (Pcrit) at which the blowout will move up the slope of angle θ:

Pcrit = 2 ρ R2 g sinθ /d,

where ρ is the material density, R the roll radius, g gravity, and d the tubing diameter when inflated.

Let’s just test this formula to see what it implies. If the density of the roll material increases, this will increase the pressure needed to push it uphill, which sounds OK, as does the proportionality to gravity. Move to the Moon, and the Party Blowout will obviously need less pressure to make it go.

The dependence on the roll radius is interesting, in that it tells you that as the roll unwinds, R will go down and less, not more, pressure will be required to propel it increasing distances. As the reel of layflat tubing unrolls, its radius and its weight shrinks, so the force necessary to roll it along shrinks as well, so we should expect the roll to accelerate as it gets further from the start. Finally, the critical pressure is reduced as you go to larger-diameter tubing—basically this is because its weight increases less rapidly with d than does the force from the air pressure pushing it along.

How light does the Heliblowout have to be to float in the air? This is simply a question of the weight of the tubing + Helium gas versus the weight of the same volume of air. The weight of the air* displaced by the helium is proportional to the length of the tubing times the tubing cross-section, π [image: image]2, where [image: image] is the radius. The weight of the tubing is proportional to the length and the tubing perimeter, 2π [image: image]. So with a given weight of tubing material, it is best to go for the biggest radius ([image: image]).

And Finally . . .

Could you make a Preposterously Big Party Blowout steerable? You might try a steering system like that of a tracked vehicle, with two Blowouts mounted on an axle, and some way of delivering different pressures to each one. Or maybe it would be better to have some device that relied on steering the roll of tubing relative to the inflated tube? Of course, you could simply mount the hose on a reel on a remote-controlled steerable but unpowered truck, using the hose only for its forward thrust. You would have to devise a roller or some other gadget to stop the hose from being pushed out of the front of the reel to do this.

How could you improve the practical aspects of the Big Blowout? One problem is reeling in all that tubing, flattening it as you go, squeezing the air back out again. Could some kind of rotatable drum, like a cable drum, help? Would it help to wrap the tubing around a larger-diameter lightweight drum before each run?

Finally, how long could a working Big Blowout (theoretically) be? If the spiral of tubing is too heavy, then the pressure required to shift it will be so high that the tubing will burst. But as this tubing is strong, fairly high pressures could be used. So, could you build one a mile long, maybe? Now that would be well and truly preposterously big.

* 22.4 liters (1 mole) of He has a mass of 4 g, so helium density ρHe = 180 g/m3, and 22.4 liters (1 mole) of air ~ 28.5 g, so air density ρair = 1.3 kg/m3. It is interesting to note how heavy air is. A 747 jumbo-jet contains, for example, about 3/4 of a ton of air!



5. PINK-NOISE PIPES—MAKE MUSIC FROM NOISE!



Arthur Dent (to Ford Prefect): “Ford, there’s an infinite number of monkeys out here who want to talk to us about this script for Hamlet they’ve worked out.”

Douglas Adams, The Hitchhiker’s Guide to the Galaxy

White noise is a completely random jumbled set of sound waves that normally make a kind of slush of noise, like you get from a TV without an antenna. It contains no particular favored frequency or rhythm; in fact, it contains little snatches of all frequencies and rhythms. Along the same lines as the infinite monkey theory is the proposition that the white noise from a thousand TVs may just once in a thousand years—by blind chance—include a minute or two of a Beethoven symphony or a Verdi aria. In this experiment, we’ll lend a helping hand to blind chance by applying white noise to a set of pipes.

What our project does is color—add a characteristic frequency—to white noise. The result will not have a well-defined pitch, but it will have frequency content. It is something that has been called pink noise. Here we supply each one of a set of pipes with an identical source of sound, and then modulate that source by using the resonation of the pipe. At the pipe’s resonant frequencies, the ingoing white noise is amplified, while away from those frequencies, the noise simply passes through.

What You Need


Sections of plastic drain pipe, either eight or thirteen pieces, 63 mm (2½") in diameter. The total length needed (see text) is about 7 m (23 feet) or 11 m (36 feet), based on the longest pipe measuring 1 m (39 inches)

A set of eight or thirteen large (flat) push-button switches

Wood, duct tape, wires, etc.

Eight or thirteen identical mini-loudspeakers to match the pipe diameter

A radio with earphone output or an oscillator circuit (see text)

Transistors, resistors for the noise circuit (see below)



What You Do

The drain pipes must be cut so that they form a musical scale. Once you have decided on the length of the longest pipe, there is formula (see table on facing page) that determines the proportions of the other pipes. Basically, each pipe should be cut to the length of previous pipe multiplied by 2 to the power 1/12th until the last pipe, the thirteenth, is twice the length of the first.

There is an additional slight complication: 6/10ths of the diameter must be subtracted from the previous pipe before multiplying by 21/12 and then that 6/10th must be added on again to get the correct length that you need to cut. Finally, you might like to make a complete chromatic scale of 13 notes. But for a smaller project, just use the 8-fold diatonic major scale—meaning just the white key values, i.e., C D E F G A B C, instead of C C# D D# E F F# G G# A A# B C.

[image: Image]

The table below shows the approximate lengths you should cut. Remember that these must be scaled up or down proportionally to your choice of the longest pipe.

 



	Note

	Length (cm)




	C

	100.0




	C#

	94.4




	D

	89.1




	D#

	84.1




	E

	79.4




	F

	74.9




	F#

	70.7




	G

	66.7




	G#

	63.0




	A

	59.5




	A#

	56.1




	B

	53.0




	C’

	50.0





 

At this point, it is worth just putting the pipes to your ear and listening to what the world sounds like through them. You should hear the effect of the resonant frequency of the different length pipes amplifying different bands of frequency in the ambient noise. It is a bit like that old trick of picking up a large spiral seashell and holding it over your ear to listen to the sea. The part of your brain that processes sound information immediately senses that sounds are being filtered by a resonator. No doubt sensing this change in resonance has some survival value for the human race. It probably told our ancestors about the size of chambers in pitch-dark caves, for example. But the result is that you hear a murmuring noise, which, with some imagination, you identify as waves on a distant shore.

Each of the mini-loudspeakers must now be carefully glued or taped to the bottom of the pipes, and then all of them must be wired with two bus bars in parallel to the two input terminals. Ensure that all the +terminals are wired to the one bus bar and that all the –terminals are wired to the other bus bar. The switches for the loudspeakers are best arranged like the keyboard of a piano, with the sharps (the black keys) set further back than the other switches, the ones for the white keys.

Now you must find a sound source. You need something with a wide range of frequencies. Probably the easiest sound source is an AM or FM radio. Just hook up the jack (earphone) plug terminals to the loudspeakers—the jack plug should shut off the radio’s own loudspeaker. Now hold down a Pink-Noise Pipes key and tune the radio to something suitable: first leave it between stations and turn up the volume to get a slush of white noise. As you press different keys, the pipes act as filters, making the fundamental and overtone frequencies at which they resonate louder, while rejecting the others. Now try a station, one with pop or rock rather than classical music, perhaps.

A rapid series of clicks generated by an electronic oscillator can be used as a more controllable source of sound. You can use an audio signal generator, if you have access to one, or make your own. There must be a thousand possible designs for such an oscillator. The multivibrator has the merit of simplicity and low cost. It works by simply connecting amplifier stages so that there is positive feedback—like the feedback oscillations you hear when you put the microphone in front of the loudspeaker in a PA or musician’s amplifier. Try varying the capacitors in the circuit to change the frequency of clicks and listening to the result. Provided that the rate of clicks is more than a couple per second, and slow enough that it doesn’t make a musical tone of itself (say less than 50 Hz), you should again be able to play a recognizable tune.

How It Works: The Science behind Pink-Noise Pipes

Pipes resonate at those frequencies at which the crest in a sound wave in the air travels up and reflects back down the pipe and arrives in phase with a later crest. You might think that only the closed-ended pipe would reflect a sound wave. However, an open-ended pipe reflects also, but it reflects a wave crest (a compression) as a trough (a rarefaction). And vice versa: an open-ended pipe reflects a trough as a crest. This complicates the analysis somewhat, but the principle is the same. Pipes resonate at a fundamental frequency at which there is just one wave crest down the pipe and at a series of higher overtone frequencies where additional wave crests are fitted in down the length of the pipe. Below is a typical result—the theoretical frequency response for a resonance:

[image: Image]
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The graph shows the same formula worked out over a wider range. The form is described by a typical resonator formula:

Amplitude2 ~ 1/[image: Image]

in which [image: image]0 is the resonant frequency, [image: image] is the frequency, and b is a damping factor. The damping factor determines how sharp the resonance curve is. It reflects energy lost from the pipe—mainly by radiating sound from its ends.

Now, a real pipe will have resonant effects like this at the fundamental, along with the higher frequency harmonics. The higher harmonics, however, will be weaker than that fundamental.

Musical scales today are based on what is called the “equal temperament” system. In this regard, you might think that the pipes should simply be cut at intervals of a semitone, each semitone being 2 to the power 1/12th higher than its predecessor. However, you also need to take into account the end effects of a pipe. For a pipe open at one end, the end effect means that a pipe’s effective length is about 3/10th of the diameter of the pipe. So to get the effective length of a pipe, you need to add this—and add this twice if the pipe is open at both ends, thus making a correction of 6/10ths. It is not perhaps obvious that our pipes are open at both ends, but they are probably more open than closed: after all, the loudspeaker cone is very light and will mostly just follow the air vibrations. One effect of the loudspeaker closing off the end of the pipe to a limited degree is that the frequency response above is modified, and will tend to have reduced overtone intensities at the even harmonics, those that are 2, 4, and 6 times the fundamental frequency.

And Finally . . .

You could obtain pipes with different diameters and cut pipes with different aspect ratios—different values of length divided by diameter. Pipes with different aspect ratios will have different degrees of resonance and may work better in the Pink-Noise instrument. Compare results from shorter fatter pipes with those from longer thinner ones. In the reference below, Charles Taylor describes how you can suppress higher harmonics (section 4.13 onward and figure 4.22[b]). In a clarinet tube, there are holes—normally closed off by pads—that stop the higher harmonics. Taylor also describes how you can get better resonation effects by putting holes in tubing beyond what would otherwise be the open end.

A white noise generator can be made by amplifying a current sent backward through a diode junction such as that found in a transistor. The circuit shown ought to work well and give a more consistent source of noise than you could get by simply tuning a radio between stations.

[image: Image]
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6. TURBO PANJANDRUMS—THE AUTO-UNICYCLE



There were present the Picninnies, and the Joblillies, and the Garyalies,

And the Grand Panjandrum himself,

With the little round button on the top,

And they all fell to playing the game of catch as catch can,

till gunpowder ran out of the heels of their boots.

Samuel Foote

The original Panjandrum was devised as a simple, low-cost device in which gun-cotton rockets would drive the perimeter of two huge, roughly-made wheels, carrying a large bomb on their connecting axle. It was, in a sense, a terrestrial equivalent of the famous bouncing bomb invented by Barnes Wallis and used to attack battleships and dams in Nazi Germany.

The Panjandrum was designed to breach the Atlantic Wall defenses erected during the Nazi occupation of France in 1940–1944. The idea was that the whole contrivance would drive out of a landing craft and up the fairly gentle slope of the Normandy beaches until it reached a solid concrete wall or tank trap, at which point the hundreds of kilograms of TNT in the central axle would detonate, providing an entrée for the invading Allied forces.

The Panjandrum was tested to a limited extent, and it showed a certain amount of promise. It was steered via an ungainly mechanism consisting of two cables and winches, which pulled on bearings at either end of the axle. This arrangement strikes me as highly unsatisfactory, and indeed the cine footage of the device clearly shows that it was difficult to manage.

All in all, the Panjandrum was difficult to control and highly dangerous, but these were very only crude prototypes. Many military prototypes invented in wartime have been similarly hazardous but have eventually been turned to good use. Had the Panjandrum been developed further, it could have played a part in the rescue of Europe from tyranny. And who knows, perhaps the Panjandrum has been secretly under further development in more recent years and will play a part in future battles? Can we be certain that battlefield news footage hasn’t been secretly censored to protect the secret deployments of the Panjandrum?

What You Need


Bike wheels—discarded ones

Two Motors; e.g., smallish 1.5–6 V motors (but not the very smallest sizes)

Batteries and battery holders

A switch

Wires, wood

A pair of propellers to match the motors, with a low pitch (e.g., 150 mm dia × 75 mm pitch (6" × 3")

A heavy-gauge threaded rod (studding); e.g., M12 or M10, more than 200 mm (8") long

Nuts and washers to fit the rod



What You Do

You can use more-or-less any kind of ordinary bike wheel, but lighter ones are probably better, even though they may be considerably less robust. After all, your machine only has to carry a few hundred grams of batteries and motors, not 70 or 80 kg of rider, so even the weakest of wheels are going to be strong enough. I found that many bike shops that carry out repairs and maintenance on bikes have a whole heap of discarded wheels, especially the lighter type of mountain-bike wheels that are easily damaged by use on rocky trails and are not economic to repair. Some bike workshops keep them for recycling the aluminum (the rims are mostly aluminum these days), but they won’t mind giving away a couple or more to you.

You need to check out the wheels for acceptable damage. You won’t be using the wheel-bearing or the sprocket on the axle, or the axle itself, so damage to any of these parts is OK, and you don’t need to have a full set of spokes. Even slightly buckled wheels are all right. Buckled wheels are rejected at the bike shop because the caliper brakes on a bike would rub all the time, but they won’t affect the workings of a Panjandrum. Wheel rims with a flat or indented section (from a collision with a curb) are likely to create problems, however, so avoid those.

[image: Image]

The first thing to make is the central drive assembly with its batteries, motors, and propellers. Make sure that your propellers have a rather low pitch. Low-pitch props will allow the motors to produce much more power and to produce that power more efficiently by allowing them to spin faster. The maximum torque available from small electric motors is necessarily small, so to produce the power needed they have to spin fast.

The central drive assembly needs to be reasonably well balanced around the axle. Once running along, the balance won’t matter too much, but starting is a different matter. The torque driving the Panjandrum is wholly dependent on the propeller drive and will be small unless you are using huge electric motors. So it is important to balance the central drive assembly to minimize adverse torque when starting off.

The switch could be mounted a lot of places, but if you put it on one end of the axle it won’t move around as much as an off-axis switch, and you’ll be able to reach it without getting too close to the whirling propellers. Two switches in series might be a useful idea, with one at either end of the axle. Then switching either one will turn the propellers off. Additional strips of wood between the wheel rims provide a measure of protection against propeller breakage.

What slope can your Panjandrum climb? Get some large boards—3 × 1.5 m (8' × 4')—from a building yard, and build a ramp with a couple of them propped up on books or similar adjustable-thickness supports. You can figure out the slope angle by calculating the tangent of the height of the props divided by the board length, leastways if the floor you are using is flat.

Making the best possible choice of propeller pitch and diameter is an important way to increase the performance of the Panjandrum. As already discussed, most small electric motors develop their maximum power at very high rotation speeds. Small-diameter and small-pitch propellers are indicated, but they should not be too small: there will be an optimum range.

The fact that the main driving force comes from the upper propeller moving at twice the speed of the axle means that the Panjandrum has, in effect a 2:1 gearing ratio versus the same propeller motor simply pushing along a wheeled vehicle.

What about using pneumatic rubber tires—the original bike tires—on the Panjandrum? They ought to make it more efficient at rolling, since solid wheels waste energy in indenting the ground they go over, which is rarely efficiently elastic. With pneumatic tires fitted to your vehicle, it is the tires and the air inside them that is compressed, efficiently spreading the weight of the load across an area of ground, so that the ground, if rigid, is not indented appreciably. The compression of a pneumatic tire is very efficient, since all it involves is a tiny flow of the compressed air inside (the flat where the tire touches the ground means that the air inside the tire flows around just slightly). The most efficient tires are very thin high-pressure tubes, tubeless tires, that are simply glued to the wheel rim.

The Surprise

What does the propeller at the bottom of the wheel do? It is pushing the wrong way, so why does the Panjandrum go forward at all?

One way of understand what’s going on is to think about the upper propeller as pushing forward on a lever, the length of which is just a little short of the Panjandrum’s wheel diameter, while the other pivoting end is the contact point with the ground (see diagram). The lower propeller pushes backward, but its lever arm is only a little longer than the propeller’s diameter. If both motor-propellers are the same, then the upper unit will win by exerting a torque around the ground contact point that is at least three times more than that of the lower unit.


Hazard Warning

Watch out for those propellers. The more power you apply to them, the more likely it is that you will find your fingers being clipped by one of them. Wear gloves when operating a Panjandrum with motors of more than lowest power.



How It Works: The Science behind Turbo Panjandrums

The maximum speed of the Panjandrum is approximately half that of the air stream from the propellers. That this is so is clear when it remembered that the axle of a rolling wheel moves half as fast as the wheel’s upper rim. Now, as we noticed above, the wheel has one propeller pushing it forward, and one pushing it back. Can we put some numbers in to see why it nonetheless goes forward?

The easiest way to think about the propulsion provided by the motors is simply to picture a twisting moment, a torque, around the axle. If each motor provides a force F, at distance Rp from the center of the wheel, then the torque is just 2 F Rp. If this same torque were provided by a motor directly connected to the axle twisting it, we wouldn’t be at all surprised that it was propelled forward.

To understand the forces pushing the wheel forward, it also helps to look at the distances of their forces from the point of contact with the ground. The lower (backward-pointing) motor provides force (F) at a distance (Rw – Rp) from the ground, making torque in the wrong direction: F (Rw – Rp). While the upper motor provides torque F (Rw + Rp) in the forward direction. Take the former away from the latter, and once again you see a forward torque: 2 F Rp. Why is important to let small DC electric motors turn over at a high RPM to get lots of power from them? Well, if you think about the internal structure of these motors, you’ll note that they have wires on the armature, the central rotor, which have to move in a fixed magnetic field produced by the permanent magnets that are around the motor. Electromagnetics predicts that a wire with a current (I) flowing will feel a force in a magnetic field (B) that is proportional to the current flowing and to the magnetic field, and this force acts at the distance (R) of the wire from the axle. So the rotational force—the torque ([image: image])—exerted by the motor will simply proportional to IB R. And the power (P) produced by the motor on its axle is given by its RPM (ω), and its torque, or:

P ~ I B R ω.

Thus, to get good power out, you will need to make sure that the motor has a high current, a high magnetic field, and a large diameter, and that it rotates fast. But at a fixed supply current with a particular motor, all of these factors are fixed except ω. So higher RPM will give higher power, which is why you need to use a low-pitch propeller that can then turn fast. Naturally, there is a limit to this process. The above equation only applies at low RPMs. Eventually, as the motor gets to high RPM, the current will be reduced by back emf, which is when the rotating armature acts as a generator, generating a voltage that opposes the applied voltage, reducing the current.

Another consideration is getting the most power from the batteries. Given that we don’t need the Panjandrum to run for very long, how long the batteries last—their energy content—is secondary to how much power (energy per second) we can get out of them. The maximum power that can be obtained from the batteries will be obtained when the motor’s effective resistance matches the batteries’ internal resistance. However, for many batteries, such a condition is only sustainable for seconds, because they are not designed to emit such a high current, and their internal resistance will rapidly rise from the value measured under more normal conditions, seriously limiting the large current flow after a few seconds. So you probably need to use a motor-battery combination in which the motor resistance is quite a bit higher than the battery internal resistance.

Batteries are not simply little cylinders that give out a constant voltage. Battery cells have an internal resistance due to their construction and their internal chemistry. Lead-acid cells have the lowest internal resistance, and are closest to the ideal of a battery emitting as much current as you like at a constant voltage. NiCd (nickel cadmium) cells have the next lowest internal resistance, and they are light, so they are often used where low weight and high power are important. NiMH (nickel metal hydride) cells have a higher internal resistance, as do regular alkaline batteries.

We chose bike wheels for this project. What’s so great about bike wheels? Well, the bike wheel is a tension-wheel, and this gives us a chance to point out the often-overlooked revolution in transportation that the invention of the tension wheel ushered in. It allowed wheels of spectacularly low weight that were nevertheless strong enough for practical use. In a tension wheel, the upper spokes take the weight of the rider, whereas in a compressive (cart-type) wheel, the lower spokes take the weight. Of course, you don’t want the lower spokes to become loose when the upper spokes are under tension, so the spokes are arranged to have a certain amount of pre-tension so that they always remain taut. As a result, bike wheels are almost the ideal choice for a Panjandrum, even though they are vastly over-specified in terms of their load-carrying capability.

And Finally . . .

What about a Switching Panjandrum, in which you switch off the useless lower motor-propeller unit? This would have the effects of both increasing the drive torque from the upper motor-propeller and economizing on the use of precious battery power. A gravity-operated switch—something equivalent to a pendulum and a contact—would fit the bill, at least for a Panjandrum moving at low speed. At higher speeds, however, the centripetal forces involved might make such as switch malfunction, although correct orientation might help. A better concept, I think, would be to use ambient light impinging on a photoresistor in a piece of black tubing. Such a device will see the dark floor below when pointing down, while it will see much more light reflected from white ceilings and from windows, etc. By building two such devices and connecting them in a bridge configuration, you could drive a switching circuit. The diagram shows the sort of electronics you could use. The two photoresistors act as a potential divider, with the voltage swinging up and down as the two tubes rotate. There needs to be a large amount of hysteresis in the switching circuit, and that is provided by the positive feedback resistor (Rf) on the operational amplifier.

But wait a minute: is that lower backwards-facing motor-propeller unit actually useless? Or does it add to the torque and hence to propulsion even when facing and blowing backwards?

Finally, if you want to go the full nine yards, what about fitting steering to the Panjandrum? A simple way to steer the device just a little away from straight is to alter the effective diameter of one of the wheels. I fitted a small model plane servo to push a piece of semi-rigid nylon tubing outwards from the rim of a Panjandrum wheel. When the servo was actuated by radio control, the nylon tubing increased the effective diameter and steered the Panjandrum gently in an undulating way to one side. A succession of small nudges allowed it to be steered down a long corridor.
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Alternatively, try releasing one of the wheels from its rigid attachment to the axle, perhaps by using additional nuts as lock-nuts and simply allowing one of the wheels to spin on the threaded rod. Now set the Panjandrum going, and see what happens.

Without drive on it, the loose wheel will stay pretty much rooted to one spot on the ground, while its driven partner will circulate around it, although exactly what happens will depend upon the details of your Panjandrum—its power, its size, axle length and, crucially, how loose the loose wheel is. How could this effect be converted into an effective steering system using radio control? The simplest way might be to use a model servo once again, but this time arranged to push a rod mounted parallel to the axle so that it catches on the spokes of the two wheels. By pushing to the left, the rod will clear the left hand wheel, allowing that wheel to slow, turning the machine to the left. By pushing the rod to the right, it will free the right hand wheel and turn the machine to the right.
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7. THE IMPOSSIBLE TURBINE—THE BACKWARD-FORWARD-ALWAYS-CLOCKWISE TURBINE



When you have eliminated the impossible, whatever remains, however improbably, must be the truth.

Sir Arthur Conan Doyle, The Sign of Four

The energy industry of Planet Earth has a huge problem just around the corner. As the wealth of people in developing countries increases, those people will need more energy. Hitherto, most of the world’s energy has come from so-called fossil fuels, the coal, oil, and gas reserves built up in the Earth’s crust by aeons of decaying vegetation. These reserves will become depleted eventually, which will be a problem for our grandchildren. But, even worse, burning these fuels seems to be adding carbon dioxide to the atmosphere in such large quantities that global warming is taking place. This will lead to undesirable climate change on a much shorter timescale, perhaps even in as short as ten or twenty years.

One solution to both the short-term and long-term problems is to use resources like the sun, the wind, and the waves. All of these could provide huge amounts of power: only a fraction of 1 percent of them, if captured with reasonable efficiency, could provide all the energy needs of our planet, and even the needs of a world with billions more people than live on the Earth today.

There are a number of counterintuitive devices that have been proposed to generate power from the wind. One is the vertical axis windmill known as the Darrieus Rotor. This 2-or 3-bladed device turns a low-speed generator no matter from which direction the wind blows. It only requires the wind to blow horizontally—which it generally does, at least near the ground. Another curiosity is the turbine devised in the 1970s by Alan Wells.* This, although running on air, is actually powered by waves.

The Wells Turbine looks very like a joke propeller, the kind of propeller that will get you nowhere. Its blades are set a zero angle—they are symmetrical and set exactly in the plane of the disk of blades. Surely the thing can’t work! Well, actually, if it is used in just the right way, it does work. In fact, we are going to use it to generate power; and just to make things a little more interesting we will be using air—driven up and down a cone-shaped duct by sloshing water—as our fuel.

What You Need


A piece of balsa or some other light softwood, 10 mm thick, 50 mm wide

A plywood disk, 60 mm in diameter

A small solar DC motor for use as the generator

LEDs

Wires, etc.

A large traffic cone

A garbage can—or other vessel big enough to contain the traffic cone

Handles

A multimeter



What You Do

First, cut off the tip of the plastic traffic cone, leaving a top with a diameter of about 120–150 mm, and attach handles roughly as shown in the diagram. The handles are to help you to push the cone up and down in the water in the garbage can when it is more or less full of water. You will want to take into account your height and the size of the can when you position the handles.
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It is essential to make a good turbine assembly. Aim to make it just a little larger than the top of the truncated traffic cone. I just carved and sandpapered the balsa blades and then glued them carefully to the plywood disk. I then made sure that the blades were symmetrical and that the wheel for mounting it on the solar motor was absolutely central. Note that the blades have rounded tips so that they fit inside the cone more snugly, and that they are all mounted so that they are horizontal when the rotation axis is horizontal.

The solar motor must be firmly mounted so that it cannot move, in the exact center of the cone. Lead the wires off to somewhere where you can display the LEDs to good effect, and hook up wires to a multimeter, so that you can monitor the voltage and current produced. Check that the motor spins freely.

Now, fill up the garbage can most of the way to the top with water, grasp the cone firmly with both hands and plunge it down and then pull it up in a regular rhythm while your assistant monitors the power generated. You may find that you need someone to flick the turbine around—round side of blades first—while you are plunging the traffic cone, just to get it going. You should find that it spins surprisingly fast, positively humming as it turns. You will find, too, that it always goes in the same direction, never reversing when the airflow reverses. But in which direction does it go?

Once you have got the turbine working, you can monitor the output of the device. If you find voltage over, say, 2 V, but the LEDs still do not light, then you may need to check the polarity of the connections. LEDs only light up with current running in one direction. Multiplying the current you measure by the voltage achieved will give you the power generated by the device.

Troubleshooting

The most common problem is that the turbine simply doesn’t accelerate to a high enough speed. Make absolutely sure that it spins freely without the blade tips touching anywhere. And you really have to plunge the cone up and down vigorously. Once spinning at high speed, you should be able to relax your effort a little while the device goes on generating nicely.

The proportion of the cross-section filled with turbine blades does seem to affect the functioning of the device. Thin blades that fill only 10 or 20 percent of the cross-section won’t work as well as those filling 50 to 70 percent.

Things to Try

Why not go down the seaside to try out your generator in the natural waves of the sea? Once immersed, you may need to start the turbine off, but then you will need to anchor it so that the water goes up and down inside suitably. You could lash it to a sufficiently immobile piece of seaside furniture, such as a groin timber on the beach, for example. Ideally, you shouldn’t attach it to a floating object like a pontoon or boat, although these may work if they are massive enough and slow to respond to waves.**

In the early days of alternative energy, there was a lot of interest in generating power from sea waves, using devices rather like this. Waves would be channeled in to shore by huge underwater walls or banks, funneling them in to raise their height. At the end of this channel a roof and then an upward hollow pipe led to a turbine up to several meters in diameter, which would be kept in constant motion in all but the calmest weather.

How It Works: The Science behind the Impossible Turbine

The Wells turbine works because, once it is rotating, air proceeding vertically up the tube will actually strike the turbine blade at an angle that is inclined to the vertical relative to the moving blade, and this will give it a forward impulse. It’s a bit like running in a rainstorm on a still day. If the rain is falling at 5 m s-1 (10 mph), and you are running at 5 m s-1 (10 mph), then the rain will appear to you to be falling at 45 degrees, even though a bystander who is not moving will see that it is falling vertically. It is just the same with the moving blade of the Wells turbine.

We can do a little math on this. Assume that the rain falls down vertically at its usual speed—which depends upon the raindrop size—let’s call it Vrain. But now run forward at speed Vperson, and you will see that the rain appears to fall at an angle to the vertical θ, where tanθ = Vrain/Vperson is the trigonometric tangent function. The Wells turbine is not actually as efficient as a turbine with blades angled along a helix like those of a propeller. However, in applications like the oscillating airflow of the wave generator it does make sense, since it does not require the use of valves, which would add significant reliability and maintenance problems as well as cost.

Large-scale use of this principle has not yet taken place, but there are demonstration generators around the world, and some automatic marine devices like marker buoys and lighthouses have been powered by turbines of this type. Large (MW and more) Wells turbine sets are operating in a few places, such as Scotland, and supplying, at least partially, the power needs of the residents of a few remote islands.

And Finally . . .

Could you make a wave-focusing device that would increase the wave height going into the cone? Maybe you could try out the device in miniature in the bathtub, or on a larger scale in a children’s wading pool. One possibility would be using a narrowing channel with vertical sides to squeeze waves in from the sides. Or you might make use of the way wave heights increase as waves move into the shallows of a beach. Before the waves break on a beach, they increase dramatically in height. Without actually constructing anything at all, you could simply observe where on a beach—on the sand, amongst the rocks—there is an increase in wave height. Naturally this won’t be reproducible on just any day, being dependant at least to some extent on the particular state of the sea and tide. When you find the zone of increased wave height, wade out with your traffic cone and Well’s turbine and see how much more power you can make.
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8. A ROCKET RAILROAD—THIS ROCKET PUMPS PROPELLANT FROM THE TRACK AS IT GOES ALONG



On January 31, 1958, the Army Ballistic Missile Agency, led by Dr. [Werner] von Braun, was ready to launch the Explorer-1 satellite aboard a Jupiter-C rocket. . . . Dr. von Braun’s rocket lifted off the pad in a cauldron of fire and smoke and went right up into the night sky without a moment of hesitation.

The fuse sizzled up inside, and Auk I leapt into the air in a shower of sparks. Six feet off the slack, it made a poot sound and then fell back in a cloud of gray smoke and landed heavily, breaking off its nose cone. . . . It had gotten only six feet off the ground. But it had flown!

Homer J. Hickam, Jr., Rocket Boys

The railroad principle has a long history. The very first railroads were those propelled by human-power to get ores out of mines—particularly from horizontal mineshafts, or adits. Horse-drawn lines were developed for large adits and were useful, but limited in capacity. A typical train moved less than ten or twenty tons at only four miles per hour. There was soon interest in other ways of powering trains: first stationary steam engines pulling cars by ropes were tried, and then, later, locomotive steam engines came along and the railroad system something like that we recognize today came into being.

The idea of using rocket propulsion for railroads, however, has never really taken off. In fact taking off is the very problem that some of the very few rocket railroads that have been tried were intended to solve. When you accelerate a vehicle to a very high speed—more than, say, 100 m s-1 (200 mph)—it is difficult to prevent that vehicle from getting aerodynamic lift forces that will pull it right off its wheels and launch it into the air. Record-breaking land vehicles have courted disaster on this account. But a railroad track is easily made much flatter and pothole free than a simple road surface. And you don’t need to worry about steering. What’s more, it’s relatively simple to add additional wheels underneath the track—like those on a roller coaster—that prevent the rocket railcar from taking off no matter how much lift is acting on it.

On account of these features, rocket railcars, sometimes dubbed “rocket sleds,” have often been used to test experimental propulsion systems. Captain Ed Murphy of Murphy’s Law fame—If something can go wrong, it will!—worked on rocket sleds at Edwards Air Force Base in California. He was trying to get strain gauges on the sleds to work during trials to test the maximum acceleration that the human body can safely withstand.* Rocket railroads have, in fact, the distinction of being the fastest railroads in the world. A vehicle on the 18 km (10 mile) track at Holloman Air Force Base managed to reach Mach 8.5 (3000 m s-1 or 6000 mph).

The hydraulic version of a rocket railroad that we are about to construct is much more practical—and much safer—than the chemical rocket propulsion system used in supersonic military testing at Edwards AFB. But it might not go quite so fast . . .

What You Need


PVC (plastic) guttering or other U-channel sections, in lengths of 2 or 3.75 m (10 or 12 feet)

A small water pump, the diaphragm type

Plastic tubing

A lightweight rechargeable battery pack; e.g., NiCd or NiMH

Meccano or Erector Set parts, including flanged or grooved wheels

Duct tape

Light oil
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What You Do

First, assemble the vehicle as shown in the diagram. The pump sucks water from the U-channel via a tube that dips into the channel below just like an upside down submarine hovering over the sea would suck water up through its snorkel tube. The wheels must turn very freely, which is where the oil comes in. I used wheels with double flanges, and I also lightly oiled the bearing surface of the track.

The tube below, the snorkel, should clear the bottom of the U-channel by just a millimeter or two. I used a vertical snorkel that was simply cut at right angles. It needs to reach nearly to the channel bottom, but not so close that flow up the snorkel will be restricted.

The jet tube needs to be fitted with a restricted nozzle of some kind. Without a nozzle, the water ejected by the pump won’t accelerate to the velocity that the pressure produced by the pump represents. Try a nozzle with an inner diameter about half that of the tubing to start with. Ballpoint pens are a convenient source of potential nozzles.

The guttering (or other U-channel sections) may be a challenge to find. Try specialist roofing suppliers rather than general DIY stores and you will find a much larger selection to choose from. You could use metal guttering, but it has the disadvantage that its width is less well defined than the width of the plastic variety. The cross-section design is less important. U-section is good, but K-section gutter may be OK as long as it has good places for the wheels to run on either side.

The track is simply constructed by taping together sections of gutter, applying duct tape to both the insides and outsides of the section joint and ensuring that the edges match up precisely at the join and that there is no tape where the wheels actually run. More duct tape provides a convenient way of stopping the water pouring out of the ends. Needless to say, the track must be horizontal.

Once all is ready, charge up the batteries, fill the channel with a suitable level of water, and switch on the pump. If you don’t get any water pumping, you may need to prime the pump. The simplest way to do this (make sure the water is clean) is to temporarily push some tubing over the end of the nozzle and suck the water through. See where the jet goes. During testing, at least, it is convenient to have the jet land back in the track again, so you don’t keep running out of water—this also largely prevents a huge puddle on the floor, which is messy if you are working inside. So be sure to adjust the jet direction so that the water lands where you want it. If the jet is really high pressure and sprays out, it will be more difficult to keep the floor dry, of course.

Now release the rocket railcar. With luck it will move off, accelerating gently, jetting as it goes, and sending waves up and down the water in the channel.

If it doesn’t move off right away, try just giving it a nudge forward. If it still doesn’t want to go, check how freely it moves. The wheels need to revolve perfectly smoothly. Another thing that may cause some trouble is using too much water. You only need enough water to provide a constant feed to the pump. More than that and you are adding to drag on the railcar. If all that fails, you will need to uprate the battery pack, change the nozzle to make it either smaller or larger, or find some other way to increase forward thrust.

You could measure the force produced by the railroad rocket by putting a short section of track on a gentle slope, adjusting the slope until the railcar just fails to go forward. Watch out that you don’t run out of water! Provided your rocket thrust is fairly small, just measure the slope. The thrust produced is then simply the weight of the railcar times the sinθ, where θ is the slope angle of the track. If this angle seems to be too large for the slope you can get on the track section and still get some water in, then add some weights to make the car heavier.

You could improve the performance of the rocket railcar in a number of ways. For example, with better batteries: higher voltage will make the pump run faster, unless the current drawn is so large that the internal resistance of the battery reduces the voltage actually obtained during running. You could also decrease the rolling resistance of the car by using lower friction; e.g., ball-bearing wheels. The use of lightweight battery technology might also be useful: lithium batteries are half or less the weight of NiCds with a similar energy. However, high-current NiCds might be a better option. These are capable of very large power output, and power is more important than energy, since we only need to run for a few seconds.

Can you tow along some unpowered trucks with your rocket railcar? By using two jet nozzles, one on either side, you could get a balanced thrust, while avoiding directly spraying trucks being towed behind. Or would it be better to simply push trucks along with the rocket railcar at their back?

How It Works: The Science behind the Rocket Railroad

The rocket railroad works on the same reaction principle as a space rocket: the backward-going momentum of the jet is balanced by the forward motion of the car. The simplest way to estimate the force you get from a water jet is to figure out the mass (m') of water going backward per second. You can calculate this by simply collecting water from the jet for, say, 10 seconds, and then weighing and dividing by 10. Multiply m' by the water jet speed (V), and you have the forward force (F):

F = m' V

With the kind of small pumps I have tried, I found answers in the region of 0.1–1 N, or 10 g to 100 g of force (1/2 to 4 oz.). Of course, the difference between the Rocket Railcar and a regular rocket is that the mass of our railcar isn’t changing, because we are pumping water from the channel, not carrying it all on board. This makes the math much simpler than it is for a regular rocket with a huge fuel tank!

The need to have a nozzle with a smaller diameter than that of the jet tube will become clear if you try running the machine without the nozzle. (Later, “The Single-Helix Pump” analyzes this.)

The one factor that we have not accounted for is that of the water in the channel: the effect of the water when the vehicle is moving at high speed will be to increase drag. The snorkel should be as narrow as possible, of course, and perhaps also shaped in a streamlined teardrop profile. But narrow or not, it will produce a little bow wave in the channel. There is also the problem of a cavity—almost a vortex—forming behind the snorkel that could prevent it from sucking water in when the railcar is going fast. Basically, the snorkel is pushing the water out of the way, leaving a hole behind it, and the water doesn’t go back into the hole fast enough. If you manage to get really high speeds, an intake angled to the horizontal, facing slightly forward, might be advisable to avoid this problem.

And Finally . . .

The Rocket Railroad could be further developed of course. You could, for example, try to engineer the system so that the car will go around corners. This won’t be quite as straightforward as you might think. Unless you can get hold of U-channel bends with a very large bending radius, you will need make your own. The same problem arises with full-scale railroad tracks. Small radius bends will impose excessive friction on the car, while the spacing between the sides of the channel will have to be narrowed slightly or the wheels will fall inside the track. You also have to master the curiously named feat of geometry called “spiral easement”—getting the track from straight to curved smoothly. Unfortunately you can’t just join a piece of curved track to a piece of straight track, if the curved piece has a tight bending radius. And finally, you might just find that your car falls off at curves on the track when it is going fast. If so, you will need to incorporate some degree of camber—leaning the car into the bend so that at speed the centripetal force needed to keep the car on the curve can be supplied by the rails without the railcar overturning. Large radius curves will be much easier to manage. One way of making them might be to cast sections in cement or plaster.

Another challenge would be to engineer a rocket train that will go up a gradient. You can of course put a gentle slope on the U-channel track and increase the power available to the pump to cope with that slope. What you won’t be able to arrange so easily is sloping water in the channel. One possible solution might be a telescopic snorkel, and perhaps a U-channel of variable depth (but unvarying rail-spacing of course). Another might be to arrange for walls between the different sections of the U-channel—something like the locks in a canal. The snorkel could be made flexible or hinge-jointed, and could then be lifted momentarily to clear the walls by means of a wheel running along a cam track.
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9. THE HOVERTRAIN—A RAILROAD WITHOUT RAILS



Imagine an elongated egg which has been halved down its length and set flat side to the ground, with the pointed end foremost. Consider this egg to be between thirty and thirty-five feet long, of a drab, lusterless lead color, and you’ll have a fair picture of the “sea-tank” as we saw it pushing into the Square. There was no way to see how it was propelled; there may have been rollers beneath, but it seemed, and sounded, simply to grate forward on its metal belly with plenty of noise, but none of machinery. It did not jerk to turn, as a tank does, but neither did it steer like a car. It simply moved to the right on a diagonal, still pointing forwards.

John Wyndham, The Kraken Awakes

Hovercraft have unique amphibious abilities. They can race across the sea and then, uncannily, go straight up a beach. This sounds awfully useful, so why don’t we see more of them? Why don’t we find them nipping down the road, skipping across a lake or two, then parking at the shopping mall? Well, the main problem is that hovercraft are difficult beasts to tame, in at least two ways: they don’t like going up hills, and they don’t like going around corners. The hill problem is mostly one of power, admittedly: with a powerful enough fan, you could manage ordinary kinds of slope, at least with lightweight craft. But cornering is just fundamentally difficult. A hovercraft has no grip on the ground. Those little round things on the corners of your automobile—let’s call them wheels—have the neat property that they go forward and backward freely. Our hovercraft is also pretty good at going forward and backward freely. But wheels have an additional advantage: they don’t go sideways, which is darned handy when it comes to corners. Hovercraft slide along with minimal friction, but they do so in any direction with equal ease. So, unlike wheels, they do go sideways, which is not, of course, what you want when you are trying to round a corner.

Now, what sort of a road has very low slopes and wide corners? A railroad, of course. So how about a hovercraft that would travel along a railroad kind of track? And how about giving that hovercraft hoverpads on its sides as well as underneath, so that it could slide along the walls of this new kind of railroad track whenever it had to go around corners? This is the line of thought that led to the development of tracked hovercraft in the 1970s. A French team led by Jean Bertin built several such vehicles and got them up to astonishing speeds—over 420 km/hour (260 mph)—on test tracks. US companies also entered the fray, and a UK-developed vehicle was tested to 167 km/hour (104 mph) on its short (2-mile) test track (see below).
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What You Need


A track: U-channel (half-round) guttering, three 3 m (10') lengths in either plastic or metal (more if you can have the space—guttering is not expensive)

Guttering joiner pieces (but see text)

Balsa wood

Wires

A switch or three (see text)

The 12 V motor and fan unit from an old hairdryer

A battery pack; e.g., 12 V NiCd (sometimes salvageable from old remote-control toys), or battery boxes for AA cells, along with a set of cells, ideally rechargeable ones

A second small 12 V motor for propulsion

A propeller with a fine pitch; e.g., 6" × 3"

A sponge

 

Optional

An old remote-control toy, small and simple, of the radio-transmission type (see text)



What You Do

Making the track and the craft should be fairly straightforward following the diagram shown.

The channel must be supported in such a way that it runs pretty much accurately on the horizontal without distorting its form. This is particularly important if you use galvanized steel half-round guttering, which can be pushed out of shape more easily than the plastic kind. Also, the joints between lengths of track need to be checked to make sure that they don’t provide a little ledge that might catch the vehicle as it passes over. If the commercial joints are unsuitable you can just tape the joints carefully. With a layer of wrinkle-free duct tape on the inside, and two layers on the outside, the joint should be strong enough.

The vehicle is easily constructed, as shown, out of a sheet of balsa wood with a skirt, also of balsa, at each end, and optionally, a very small skirt along each side. You may find it useful to fit two switches so that you can operate the lift fan and the propeller motors separately. That certainly helps when you’re trying to debug the system, and it will allow you to check out precisely how frictionless the Hovertrain is, by measuring what slope it will just slide down without power.

The distribution of weight along the hovercraft needs to be considered: the heavy batteries, fan motor, and propeller motor should be positioned so that the vehicle balances pretty much in its middle. Don’t worry too much if it tips to the left or right slightly. The craft should have plenty of lift in reserve, so you will be able to adjust the center of gravity and balance it by adding pieces of modeling clay to one side or the other.

The vehicle also needs to have a center of gravity much lower than the center of curvature of the track, so that it will pendulum to the bottom of the track and won’t have any tendency to fall over, even with the torque reaction to the revolving propeller. The latter needs to be of a fairly fine pitch. With the small 12 V motors I used, the very finest pitch (75 mm or 3") and smallest diameter (125–150 mm or 5"–6") seemed to work best. The fine pitch means that the motor can operate at high RPM, giving out more power at a higher efficiency and more thrust force.

The piece of sponge at the end of the track is needed because, depending upon how much power you put in the propulsion motor, the hovercraft could hit the end of the track at quite a high speed—although if you put in the remote control this should be controllable.
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You need to check that the lift air leaks are acceptable, and that no part of the underneath projects and scrapes on the track. Switch on the fan, and see if the machine lifts and becomes frictionless. Now see if it has a tendency to move off in either direction.

You may well find that the U-channel is not quite semicircular in cross-section. This is awkward, but not a fatal flaw, as you can simply trim the end-seal plates to fit the actual cross-section accurately. (Things may still go a little awry at the corners however, if you have this sort of problem.)

Another possible glitch in the system is that a powerful propulsion motor can overcome the lift at the front end of the hovercraft and cause it to dig in and stop. This can be controlled in a number of ways: by more careful trimming of the hovercraft center of mass, by increasing lift-fan pressure, by increasing the body length (thus increasing the total lift force) and finally, perhaps, by angling the propulsion motor upward, so that its push force has less of a tendency to shove the nose down.

By timing the machine past points along the track, you should be able to measure the acceleration that it can make. What about the effects of joints—how much does the hovercraft slow down as its passes them? I found that there seemed to be, at least at low speeds, quite a bit of lift-air leakage at the joints, but I was able to reduce this by judicious use of clear tape or a filler like modeling clay or Plasticine. What speed does the hovercraft reach by the end of the track? If it went on accelerating, what speed might it reach on a longer track?

What kind of slope can your machine manage? Try angling the track upward.

If you can find a simple radio-control toy vehicle, the sort that has just two buttons, one for forward, one for back, then you could easily use the transmitter and receiver circuits of this to operate the hovercraft. Carefully extricate the radio parts from the vehicle, cutting off the wires to the drive motor—these will connect to the propeller. With radio control, you will find that you can use reverse-thrust, by reversing the motor rotation while still moving forward, to slow down and stop neatly at any point along the track.

How It Works: The Science behind the Hovertrain

You need only the simplest bit of math to describe the basics of the hovercraft. The lift force (L) you can get from a fan delivering pressure (P) is simply the product of multiplying that pressure by the area, in other words: L = P × A, where A is the area of ground covered by the hovercraft’s skirt.

The air pressure produced by a fan is proportional to the density of the air being driven. The air pressure from a centrifugal fan also increases as the fan revolution speed squared and as the radius of the fan squared. In other words, you can say that the pressure increases as the fan-tip speed squared. Rotate the fan twice as fast, and you will get four times the pressure. Although working on a different principle, axial fans have a similar dependence on tip speed.

But of course this does not tell you how much power you will need to rotate the fan at that speed. Nor does it tell you the flow-rate from the fan, which you will of course need to make up for leaks around the skirt.

The Hovertrain should be sufficiently free of friction that you will be able to use it to demonstrate Newton’s law of acceleration. If we assume that, at least a low speeds, the propeller provides a constant thrust force, then the acceleration (a) of the vehicle will be given by that force divided by its mass. So if you add more clay, increasing the mass, you will reduce the acceleration.

How to measure acceleration? Well, you could measure the speed achieved near the end of the track from a standing start? In that situation, the final speed (V) is given by the square root of twice the acceleration (a) divided by the track length (D):

V = [image: Image] (2 a D).

So if you make your track four times longer, you should be able to achieve a final speed twice as fast.

And Finally . . .

You could have a go at making hover-only vehicles—Hoverwagons—for the track. Yet another hairdryer fan, with batteries, will provide the lift. You will find that these can easily be pushed along by a propeller-equipped vehicle. Another, potentially simpler, way to make a Hoverwagon is to use an upside-down U-piece of lightweight wide-bore pipe to conduct lift air from the locomotive vehicle and take it over to a completely passive Hoverwagon. The complete Hovertrain, consisting of the propeller vehicle and one or more Hoverwagons, will accelerate more slowly of course, as discussed above, due to the increased mass.

What about cornering? The U-shaped track lends itself to the craft banking—and this could happen automatically if its center of mass is in the right place. But how can you bend the U-shaped track?

One way of coping with the bend problem is simply to accept that you can only go around bends at a certain minimum speed: above a certain speed, the losses of lift air will be small, since the time spent actually in the bend will be small. Bends could be made just by cutting guttering channel into sections and then taping it together again with slight changes of angle. You could construct bends out of pipe, allowing the vehicle to climb the wall of the channel more, the way bicycles do on a banked velodrome cycling track or motorcycles in the wall of death stunt demonstration. The pipe bends need to be long and sweeping.

A skirt would help with the bend problem, of course, because it would allow the vehicle to accommodate the bend itself, as well as any joints, ripples, or other features that might result from the bend fabrication process. But can you make a skirt that will be low enough in friction but still retain the air cushion? Would some very lightweight plastic film like cling wrap work?

Reference
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A tome from the famous “Jane’s Yearbooks” (transport and military catalogues), issued in a year when hovercraft development was at its zenith.
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10. A JET-WASH ROCKET—THE SUPERCLEAN ROCKET



We shall send to the moon, 240 thousand miles away from the control station in Houston, a giant rocket more than 300 feet tall, the length of this football field, made of new metal alloys, some of which have not yet been invented, capable of standing heat and stresses several times more than have ever been experienced, fitted together with a precision better than the finest watch, carrying all the equipment needed for propulsion, guidance, control, communications, food and survival, on an untried mission, to an unknown celestial body, and then return it safely to earth.

John F. Kennedy, speaking at Rice University, 1962

In the future, space travel may not be 100 percent dependant, as it is today, on the chemical propulsion that enjoyed its finest hour during the Apollo program. A few recent spacecraft have demonstrated one possible alternative: ion thrusters that use accelerated krypton and xenon ions can be deployed to move a satellite slowly from orbit to orbit, or to maintain it precisely in position over a period of months or years.

Launching from the Moon or from Mars may be possible, for example, using magnetic catapults, while slowish journeys in the nearer parts of our solar system may one day be completed by using solar sails driven by photon pressure—literally the tiny pressure exerted by intense beams of sunlight.

Another related but much more powerful means of propulsion is the use of laser beams and the explosive evaporation of a solid. A NASA project has shown how this method might work. A laser beam is directed vertically upward to shine onto a reflector on the bottom of a spacecraft. This beam is focused by the reflector onto a solid, which evaporates explosively under the intense heat of the beam and blasts the craft upwards.

One of my favorite toys of recent years is based on a similar principle: a cone-shaped spacecraft that can hover on the top of a vertical jet of water. This jet-hovering toy, although a bit tricky to make yourself, comprises a steeply pointed cone, 15 cm (6") at the base and 30 cm (12") tall, with weight around the base of the cone, and large holes 3 cm (1") below its point. You take it into the backyard and position it with its base above a jet of water. You will now almost certainly get squirted with water. Less certainly, your jet-propelled craft may lift off (3 m [10'] or more) into the air and hover at the top of the water jet. Adjustment of the water pressure gives you different heights of lift. With the jet-hoverer working well, you can even lean the water jet over a little from vertical and move it around the sky to some extent.

The water in the jet travels inside the cone, and as it gets to the top of the cone, it comes to the holes, and spurts out downward—in several much weaker smaller jets, at an angle about 45 degrees to the vertical. The momentum contained in the water jet is converted into a force by its reversal in the tip of the cone. The jet-hoverer shows an acceleration about equal to one gravity, 10 m s-2 (32 ft s-2). The device we are going to construct here also relies on water-jet momentum, but it uses much higher pressure to achieve a higher acceleration so that we can do more than just hover. We can launch our craft on a trajectory.

What You Need


A jet-wash unit (see text)

Small soda or other water bottles; e.g., 250 ml (10 oz.)

Two rust-free steel rods or tubes; e.g., hydraulic tubing

Steel screw eyes

Balsa for a tail stick and fins

Wood, glue, duct tape, screws, etc.



What You Do

Make the launcher first. Then you can tailor the rockets to fit the launcher. The diagram shows the configuration you need to achieve. The launch rails are made from smooth tubing of some kind fixed firmly in some way to a piece of wood. They need to be pretty accurately parallel. I used zinc-coated steel hydraulic tubing of the kind sold for repairs on trucks and earthmoving machinery; it works, but is a relatively soft metal and too easily permanently bent. Some sort of harder or springier tubing would be better. But it should also be more-or-less corrosion resistant. Corrosion would increase the friction between the projectile and the launch rails. Next, the jet-wash nozzle needs be attached to wood pieces so that is between the rails, pointing along an axis midway between them and once again fixed firmly. Make sure that you can grasp and point the launcher easily, fitting a hand-grip on somewhere if necessary.
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Next construct some rockets to launch. I constructed mine out of discarded square mineral water bottles, the 300 ml size. The large screw eye rings should slide freely along the launch rails. I used just three, but four might work better. The tail stick and fins, which stabilize the rocket once it leaves the rails, must be positioned carefully so that they do not get in the way of the incoming propulsive jet. You could try different lengths of tail and different shapes and sizes of bases with different rockets.

Another factor in the success of the jet-wash rocket will be ensuring that the reflected jet of water doesn’t get in the way of the incoming jet. I tried a simple shallow bowl shape on the bottom of the projectile, on the assumption that it would deflect the jet in a generally backward direction in a spray not so narrow that the outcoming water would get in the way of the incoming, and symmetrically so that it wouldn’t push the projectile off its straight course.

With everything built, it is time to get out in the backyard. Hazard Warning: You may get soaked before you get everything working!

First, check out the alignment of the launcher. Run the rockets up and down, ensuring that they run freely. If the rocket gets stuck or goes slowly on the rails, then you will end up extra wet, so it worth some effort to get this right! Now switch the water jet on at low power and see how it is positioned relative to the rails, making adjustments if necessary to keep it centered between the rails. Now put a rocket on the rails, turn up the jet wash to full power, aim skyward at, say, 30 or 45 degrees to the horizontal, and pull the trigger. With luck and a great whoosh of water, the projectile should be blasted along the launcher and off into a graceful arc through the sky.


Serious Hazard Warnings

ELECTRICAL HAZARD

Make sure that you don’t get the 110/240 V electrical mains side of things wet. Keep the place where the jet-wash machine is plugged in well away from areas that are going to get wet. And don’t touch anything electric with wet hands.

CUT HAZARD

The jet from a jet washer is perfectly capable of cutting through skin and causing serious injury. Treat the jet with the same respect you might a combination of a razor sharp sword and an oxyacetylene blowtorch. Don’t let any part of your body—or anyone else’s—get in that jet.



You will sometimes see the projectile clearly tumbling over and falling out of the center of the jet as is leaves the launcher. It is worth trying to video the launch so that you can then replay it in slow motion or look at the individual frames to see what is going on.

Can you launch the projectile vertically? What angle gives the most satisfying trajectory or the longest distance along the ground? Which rocket design works best—does a big base help? How much difference does the amount of pressure from the jet washer make?

How It Works: The Science behind the Jet-Wash Rocket

To begin with, let us assume that the rocket is bombarded by a continuous cylindrical stream of water. The water hits the bottom of the projectile, losing most of its momentum. It is the rate of loss of momentum of that water jet that largely determines the rocket’s acceleration, since the force exerted on an object by a moving stream is equal to the change of momentum in that moving stream. This force turns out to be proportional to the water’s speed (v) squared and its density (ρ)—which in a perfectly efficient world would be the same as the force exerted by the pressure of the water just before the nozzle that squirted it out. The math formula is:

F ~ ρ v2.

Also, the rocket should move a little faster than even this would suggest, because some of the water’s incoming speed is actually reversed—the water is flung backward, albeit not at a huge speed. This increases the rate of change of momentum and hence the acceleration.

Reality, unfortunately, doesn’t make such a good story: the nozzle on the jet washer won’t be perfectly efficient, so the water-jet won’t be moving as fast as we might expect. Instead of 70 m s-1 (140 mph) for a 50 bar (750 psi) jet, or 100 m s-1 for a 100 bar jet, the achieved speed will be much lower. Another source of inefficiency is the uneven speed in the jet. Inside the nozzle, the speed of the water will vary across the jet. Very close to the walls of the nozzle, in the boundary layer, the water will be almost stationary, while in the middle it will come close to the theoretical values. And a water jet will not, in general, form a simple cylindrical column moving at high speed, even if it is aimed vertically. To an extent that depends upon the pressure, the jet will spread out into a cone of spray. All this notwithstanding, we should still expect that the rocket will accelerate very smartly.

If the kinetic energy given to the water at the jet were conserved—if, say, the water was jetting upwards on a planet with no atmosphere—then, after allowing for a little loss in converting pressure into speed, you would expect nozzle velocity to be proportional to the square root of pressure, and the final height to which the water goes to be proportional to the square of that nozzle velocity and hence to the pressure. Even in this theoretical example, you won’t get a cylindrical shape of course. The column of water will have to thicken up as it goes up, to an amount that ensures that no water is created or destroyed. Take an upward going column of water 20 m high (60') that starts out at a diameter of 8 mm (5/16"). Even if it stays in a perfect air-free clear water column, it will thicken out a little as it goes up and slows. At half way up, at 10 m high, the column will be 9.4 mm wide, while it will widen out to double its original diameter at 19 m up.
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The great fountain—one of the world’s biggest—at Lake Geneva, Switzerland (it sits on a pier just outside the city of Geneva itself), powerfully illustrates what goes wrong with this sort of simple theory at high pressures. The jet—which, by the way, consumes a megawatt or two of power—does not fly smoothly in a narrow column up into the sky, but instead whooshes upwards in a great cone of spray, which widens dramatically as it climbs towards its zenith, pushing upward a great gust of air. The original momentum of the jet becomes spread from the almost solid initial column of water to a much wider mixture of air and water droplets moving upward. The upward speed of the column falls steadily from its maximum at the bottom as it climbs toward the top.

The high-pressure jet from our jet washer behaves in the same way. Much of the tremendous speed at which it initially exits the spray nozzle is lost as it broadens out, just as in the Geneva fountain, and it forms a very fine, almost smoke-like spray. Much of the momentum of the jet is lost in the first meter (3'). Because of this, much of the acceleration of the rocket takes place in the first meter of its travel. This also explains why making long rails just ain’t worth it.

And Finally . . .

The rails needed for the launcher are large and relatively difficult to construct. Could you make a version of the Jet-Wash Rocket launcher that didn’t need the rails, or one that could manage with much smaller ones?

The base of the rocket has to intercept the incoming water jet and, ideally, reverse it. So would it help to shape the base in some way? For example, into a lemon-squeezer shape? And would a much bigger base help, one that would intercept more of the wider jet at larger distances?

Would a cone-shaped projectile like the jet-hovering toy described in the introduction potentially provide a solution to both these issues? Maybe such a cone-shape, once started moving along short rails, could be propelled without falling downward out of the propelling jet, even if the jet was aimed nearer to horizontal.



11. THE SINGLE-HELIX PUMP—YOU DON’T NEED A DOUBLE HELIX TO SQUIRT WATER AT SURPRISING PRESSURE



Science seldom proceeds in the straightforward logical manner imagined by outsiders . . . [it has] the spirit of an adventure characterized both by youthful arrogance and by the belief that the truth, once found, would be simple as well as pretty.

James D. Watson, The Double Helix

A U-tube manometer is probably one of the simplest instruments in science: a vertical U-shape of clear tubing, half filled with a liquid, often water, with a ruler running up behind it. If you apply an air-pressure difference between the two tubing ends, then the liquid moves and you can read off the pressure as a change in the level of one or another of the liquid surfaces.

But what happens if you connect one manometer to another manometer, and then put pressure on the pair? Does one go up and the other stay where it is? Do both go up by the amount you expected one to move? Or do both move, but only half as far? Or what? And what happens when you connect three, or four, or twenty-four U-tube manometers together? Can you figure it out?

Actually, you can easily test out what happens by putting a helical coil of tubing in a tub of water and rotating it on its axis. This is actually the same experiment as the hypothetical one involving multiple manometers. And, as it turns out, what happens can be used as a pump . . .

What You Need


5 to 20 m (16' to 64') of garden-hose pipe or similar diameter tubing. Transparent tubing of a similar size would be even better

A nozzle; e.g., made from the tip of an old ballpoint pen that fits tightly in the hose pipe

A trough for water, as deep as the radius of the hose-reel or bike wheel

Duct tape

Water

Either a bike wheel and nuts and washers to use in attaching it to the side of the water trough; or a hose-reel with a rotating joint connection (the kind where the water remains connected as you unwind the hose)

Bubble-wrap or some other waterproof lightweight or foam material



What You Do

For a fairly modest sum, you can buy a hose-reel with a rotating joint that is designed to connect onto an outside faucet for watering the garden.These are ideal for converting into helix pumps. The only thing you need to do is remove the hose nozzle outlet (which becomes the inlet) and modify the way the pipe lies on the reel.

First, unreel all of the hose. Then cut off 25 percent of the length on the drum—this can be used as the nozzle hose. Now, wrap the core of the hose drum with bubble wrap or a similar waterproof foam. You will need to partially fill the core of the drum so that when you wrap the pipe on top, the drum will be full to the maximum diameter possible, but not so full that it won’t rotate freely. Tape the end of the hose—with the nozzle removed—to the side of the drum. Hook up a length of pipe to what was the inlet—the connection to the central rotating joint—and add a nozzle if desired. The nozzle could be the original nozzle provided with the hose-reel, or it could be made, for example, by cutting the tip from a ballpoint or other pen and pushing the body of the nozzle formed in this way into the end of the tubing.

Alternatively, if you don’t have a hose-reel to convert, you can also make a helix pump largely from assorted parts and scraps that you find lying around. The design shown in the next drawing should give you some ideas. Simply tape a few—say ten—turns of hose-pipe to an old bike wheel whose axle is fixed to the top of the side of a trough filled with water up to the level of the axle. One end of the hose-pipe is pushed through the spokes near the center and fitted with an old ballpoint or something of the kind as a nozzle, while the other end dips into the water as before. Fit a handle to the bike wheel so that it can be rotated as before, the hose end going forward into the water.
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Now, place the whole assembly up to its center in water, and rotate the drum using the handle, turning it so that it is the open end of the hosepipe that goes forward into the water. With luck, as you turn the handle you should notice the wheel or drum getting a little heavier to turn. After a dozen or two turns, you should find that water begins to spurt out of the outlet end. With the hose-reel design you can squirt water from the nozzle as you want, or you can raise the height of the delivery hosepipe high in the air to see what “head” of pressure the helix pump can achieve. With the bike wheel, you should be able to get a good squirt of water from the ballpoint-tip nozzle at each turn. If you time a pause in your turning of the handle, you should be able to get most of the water jetting out, although obviously some will be retained in the trough.

You will see that with this device the water does not rotate entirely smoothly. Instead, it gurgles. This, and other effects like the drag of half the wheel being rotated in water, waste energy, so the helical pump is far from 100 percent efficient. But it does work well, and it must be the world’s simplest pump, as well as one of the most reliable. It has no valves to stick or fall off, and no pistons or cylinders to wear out.

If you were able to find some clear tubing, then you may be able to see what is happening. If not, you will have to follow the argument here: When you turn the tubing around the first rotation, a slug of water goes into the first turn of the helix. Rotate again and that slug of water will move into the second turn of the helix. But meanwhile, you have added a second slug of water from the trough. As you turn again, yet another slug is added, and so on, until the whole helix is full. This process is interesting: essentially, you are pushing a helix through the water trough, leaving a slug in each turn of the helix.

However, that is not all that is happening. As you wind the handle, you are also slightly compressing the air between the slugs of water. As the new slug goes in, when the end of the tube rises out of the water, the new slug of water tries to fall with gravity, but it is stopped by the air between it and the previous slug. And the same thing happens all the way along the helix, once you have turned the handle for long enough. You end up with the side of the helix that is going up being full of water, while the side going down is nearly empty. Each turn of the helix exerts a pressure due to its height above the trough. And the pressure in each turn increases from atmospheric pressure at the first turn, increasing by the head of each turn after each turn, until it reaches a maximum at the nozzle end.

How far can you get the pump to jet water out? Every meter it goes up is 100 mbar (1.5 psi). Aiming it at 30 degrees or so should give you the longest range possible across the ground. Try larger and smaller nozzles to see what difference that makes.

Now try out some variations on your first pump. What happens when you immerse the hose-reel more fully in the water? And what happens when the hose-reel just dips a quarter of its diameter in?

If you only need a low pressure—a small “head,” then few turns are needed. But with a small number of turns, you could use larger-diameter tubing and pump more water. But how big could you make the inner diameter of the tube and still have the device pump: is there a limit? Will water simply gurgle around in the tubing and fail to pump if you make the tubing too large in diameter?

How It Works: The Science behind the Single-Helix Pump

The model of the helix pump as a set of U-tube manometers linked together leads us directly to an explanation of how we can estimate the pressure we can get in terms of height of pumping or head. If the maximum height of each U-tube is approximately the diameter of the helix, then the maximum height (Hmax) to which we can pump will be the number of turns (N) times that diameter (D):

Hmax = N D.

So, if we have 20 turns of a diameter of 0.3 m (1 foot), then the maximum possible head (Hmax) will be simply 20 × 0.3, or 6 m (20 feet). If we want to convert that into pressure, then we must multiply by the density of the liquid and gravity (g). In fact, every meter of water head corresponds to 100 millibar pressure (1.5 psi), so 6 m is 600 millibar or 10 psi. This is a remarkably large pressure for a pump that consists simply of a coil of tubing open at both ends!

If you want to demonstrate unequivocally that a set of U-tube manometers display the total pressure applied to them split between them, why not set up a row of three or more? The U-tubes show the pressures that must add up to the applied pressure. Having set this up with all the tubes showing zero differential pressure, blow into the inlet and see what happens. But what would happen if you made the U-tubes out of different thicknesses of tubing?

It is essential to have a “nozzle,” a constriction at the exit from the tubing. The nozzle ensures that the pressure in the hosepipe is fully converted into motion. Without the nozzle, the water will simply tip out at the same speed as it moves along inside the pipe. With a small nozzle, the water will squirt out with a speed proportional to the square root of the pressure.
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And Finally . . .

Does the speed at which you rotate the Single-Helix Pump affect the pressure that you get out of it? You could fit a pressure gauge to see exactly how much. How fast can you turn the helix pump and still get it to work? What happens if you go too fast? And if you go really slowly, do you lose pressure?

Can you think up any improvements to the helix pump? “Does the pump have to be helical?” is a fairly obvious question. What if it followed a spiral, with the outlet in the middle? If you travel to less well-developed countries and more remote areas where water-pumping is necessary, you are likely to see a variety of unusual and often ingenious pumps. On a visit to rural India only a few years ago, I found, in addition to conventional electric and diesel pumps, bucket-chain pumps fetching water up from astonishing depths, as well as ramp wells, where cattle walk down a ramp pulling a leather bag of water up via a pulley. The bag is automatically emptied when it reaches the pulley at the top. A version of the Single-Helix Pump is also in use in rural India, among other places, often built into the side of an undershot water wheel.
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12. LEONARDO’S BRIDGE—NO NAILS OR SCREWS OR STRING: IT’S JUST A SUBTLE STACK OF STICKS



There are three classes of people:

those who see,

those who see when they are shown, and

those who do not see.

Leonardo da Vinci

You don’t have to read far into the history of science and technology before the name Leonardo da Vinci turns up. Vinci is a small village in northern Italy, and Leonardo was the son of a notary and a peasant there. He was apprenticed early to one of the high technologies of his day—painting. In the late 1400s the art of painting had just had a huge injection of mathematics and chemistry: the math was three-dimensional projective geometry, which gave perspective and depth to pictures, and the chemical development came in the form of new pigments and drying oils, or resins, to carry those pigments. Leonardo learned all this quickly and became the consummate painter we know from his Mona Lisa, the Virgin on the Rocks, and the Last Supper. But he did not stop there: he went on to learn physics, biology, architecture, and military engineering, and he used this knowledge to design and, in some cases also to construct a wealth of inventions: fortification systems, water-mills, gearwheel systems, steam cannons, and Brobdingnagian catapults, to name but a few. And he wrote about—though he perhaps he did not actually try—many of the hundreds of inventions that now populate the modern world, from helicopters to ball bearings.

Look into Leonardo’s works and you will find a number of inventions relating to bridges. He had a plan—it must have seemed quite fantastic to his contemporaries in the year 1500!—to bridge in a single span the Golden Horn at Istanbul. He also sketched military bridges to be used by armies on the march. One of these sketches—a small one, little more than a doodle—shows a remarkable bridge constructed of nothing but a bundle of sticks. No screws, no ropes, no bolts, no nails. Just wood. And it is not just a theoretical concept. You can make one, and if you build it with 50 mm (2") timber, it will be strong enough for you to climb over.

What You Need


Wood pieces, at least 50 mm × 50 mm (2" × 2"), or, better, 75 mm × 50 mm (3" × 2") for the sides, and a few sized 50 mm × 50 mm for the bars. Sides 120 cm (48") long, bars 80 cm (32") long, approximately

And maybe a couple of pairs of rubber-soled sneakers

 

That’s it. You don’t need anything else!



What You Do

The bridge you are making is an arc of a circle, with sides plaited from a set of notched pieces of wood and a set of bars running along it like the rungs of a ladder.

How It Works: The Science

Each part of the bridge is either a transverse bar (made of square wood, e.g., 2" × 2") or a sidepiece (made of wood sized 3" × 2"). Each sidepiece must have three notches in it: one in the middle of a narrower side (the top), and, on the opposite side, two notches near to the end (the bottom). I just sawed the notches out with a small handsaw. The diagram explains better than words. Just try to ensure that all of the pieces are as near identical as possible.

First, you need to decide how big your bridge is to be—its span, and its height. Then you will need to decide how long to make each sidepiece and each transverse bar. These measurements will determine the width of your bridge. Finally, you will need to calculate the position of the notches, and, to make the best possible bridge, the angle of the notches.
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Each pair of sidepieces you add adds a length along the arc equal to half of the spacing between the two lower notches. Each pair of sidepieces also adds an angle of a degrees to the arc that the bridge covers, where a is given by 12 degrees if you have followed the dimensions suggested. So, for an arc of 45 degrees, you will need 4 sidepieces.

Once you have all of the pieces made, you can weave your bridge together. With two people, this is really quite simple, even if you have decided on a very large bridge, although do things in the right order and one person can certainly assemble it.

The principle that the bridge uses to hold itself together is that more load on the bridge will exert more force holding the bars into the notches. Adding more weight, either the weight of the bridge’s parts or of someone crossing it, holds the joints even more firmly together. There are limits, of course. If you try to make a bridge that completes too much of an arc, say more than 90 degrees or so, the transverse bars may slip out of the notches at the ends, since the weight will then be acting nearly parallel to the sidepieces.

You should assemble the bridge with the sidepieces symmetrically placed. But this rule allows for several different arrangements. You can start with wider side-pieces, then go narrower by one step, then widen back out to the original width, leaving a gap equal to the sidepiece width. The variations are a bit like the different patterns of weaving, such as plain weave vs. hopsack weave.

You now need to pay attention to the abutments of your bridge. Abutments are the unsung heroes of bridge construction, the huge but often almost hidden piers of stone or concrete that are built into the ground or on the riverbank and anchor the actual span of the bridge. Take the example of an arched stone bridge constructed in the traditional way from voussoirs, wedge-shaped pieces facing towards the keystone, the stone underneath the apex of the arch. Such an arch bridge would simply fall down, even on a perfectly flat solid rock foundation, without proper abutments. The central stones of the arch are trying to fall downward in response to gravity, but their wedge shape prevents that. Instead, downward gravitational force is converted into a powerful sidethrust. In mediaeval cathedrals, this sidethrust was taken care of by the curiously named flying buttresses—subsidiary stone half-arches built on the outside of the cathedral’s walls, which definitely would not fly anywhere. But in an arch bridge, this side-thrust must be absorbed by massive abutments. These can be as simple as large masses just sitting on or in the ground. Weight and friction provide the necessary force to keep the arch up. Or the abutments may be made of solid rock provided by Nature—an arch built between the banks of a ravine, for example, is furnished with abutments in this way.


Hazard Warning

If you assemble the Leonardo Bridge sloppily, or if you scramble roughly over pushing it from side to side, it will collapse into the pile of sticks from which it sprang. So be careful. And until you have gained some confidence, get someone to hold your hand (and, just to be safe, on your first attempts, crawl over the bridge). Finally, I only warrant the bridge to work for 80 kg (180 lb) adults on knot-free 75 mm × 50 mm (3" × 2") softwood timber, and then only if you don’t make the notches too deep and you go over using hands and feet, at least the first time or two.



The abutments for a large bridge may weigh hundreds or thousand tons—far more than the span. Here we have to make do with rather less. On soil we can make do with the bridge’s feet digging their own way into an abutment comprised of the soil. On a smooth indoor surface like a wood floor, however, our Leonardo bridge design could come unstuck—and slide. When you put weight on it, the feet will tend to slide apart. This is both unnerving and seriously damaging to the bridge’s strength. With luck, however, you will be able to prevent this by putting a high-friction surface underneath each of the feet. This could be as simple as putting a sneaker or some other kind of rubber-soled shoe on each foot. Thus equipped, the bridge, even on a smooth surface, will carry a surprisingly substantial load.

If you have the bridge well assembled, it’s time for you to climb over it.

An alternative version of the bridge that you might try uses round crosspieces and semicircular notches. With relatively small-diameter crosspieces this works very well, and it avoids the difficulty of judging the depth of the notches. But how are you going to cut out the semicircular channels? One way is to clamp two side-pieces together very hard, maybe using one of those vice-trestles (Workmate is one brand) that carpenters often have, and drill out a circular hole at the right place along the joint.

Of course you could produce a steadier bridge, but one that rather misses the point of Leonardo da Vinci’s economical and graceful design, by just drilling three holes in each side-piece and threading the crosspieces through. The crosspieces could even be held in position with collets or something of the kind, or they could be made by threading nuts along threaded steel studding. Such a bridge will still kind of fold up without complete disassembly, but it is really rather far removed from Signor da Vinci’s elegant bridge.
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It may not be immediately obvious that Leonardo’s Bridge is actually quite a sophisticated concept; it seems so simple when you see drawings like the one on page 511. But putting the bridge together is actually quite a puzzle if you have never seen anything like it before.

Here’s an idea if you’re in the mood for some fun. Give the bundle of wood to a bunch of neophytes and see how they get on. Out of kindness, you might describe the final assembly as a bridge. For even more fun, make two sets of parts and then pit two teams against each other in a race to get their bridge finished. To discourage sloppy building, insist that each team climb over its own bridge at the end.

And the Math behind Leonardo’s Bridge

The geometry of the notches can be explained approximately as follows. Suppose that each side piece is L long between the end-notches. Each section of the sides of the bridge has a length equal to the distance L/2 between the notches. Each section makes a relatively small angle of α between it and the next section, where α = 2W/L in radians. To put some typical values in, with a L/2 of 500 mm, and α W of 50 mm, α = 1/5 = 12 degrees. The whole bridge forms an arc of length La given by

La = (N + 2) L / 2,

where N is the number of sidepieces. So with L = 1000 mm, and 6 sidepieces on each side, the bridge will arch up 4 m, over an arc of 72 degrees, spanning a little less than 4 m, of course. Sketch it up to scale in pencil or on computer screen, or do the calculation to see just how long the span is.

I started making bridges with notches cut precisely at 45 degrees in each side-piece, and this works reasonably well, particularly when the notches are fairly shallow. However, for an accurate fit for each transverse bar into the notches, the notches underneath must be rotated by a/2 relative to 45 degrees. With the notches made to fit more snugly in this way, the team at Epsom College near London made a steadier bridge.

How much weight can the Leonardo Bridge support? Clearly, following a reductio ad absurdum principle, if you make the wood sections too small or the notches too deep, the bridge will instantly break. Clearly too, the notches are weak points. Make a notch in any piece of stuff and then bend it, and it will bend or break first at the notch. The strength of the bridge parts will be no greater than the strength of the weakest beam, and the strength of that beam is only as great as the material left after the notch has been removed.

And Finally . . .

Can you make a stronger Leonardo Bridge? The real weak point, as discussed, is the central notch in the sidepieces. So, if you strengthen that, you strengthen the whole bridge. But by how much do you need to strengthen it? Up until the point where something else breaks would be a logical reply. You could, for example, screw metal strengthening plates (repair plates) to the sides of each notch. This would mean that the sidepieces would not lie quite as close together—but would that matter? Would the strengthening plates strengthen the notch region but weaken the wood further out along the sidepieces?

Apart from sheer strength, how can you improve the usability of the bridge? Would a higher friction at the joints, for example, render the bridge more stable? Would the use of sidepieces of different lengths offer improved usability as well? The four end sides could be longer, perhaps allowing them to be dug in when putting up the bridge outdoors.

If you made a large-scale Leonardo Bridge and were using it to cross a river or a chasm, how could you assemble it? And what about dismantling it? For assembly you would have access only to the riverbank on the shore where you were standing. And when you began dismantling, you would only have access to the opposite riverbank. A Leonardo Bridge only holds together while it is on the ground with gravity acting on it. How could you keep it together as you built across the span? Would you need to tie each joint together? Or could you do the assembling on one shore and then hold it together with just one or two ropes to somehow maintain the compression as you slid it into place? Or would it be better to have ropes attached to each piece of wood?

Does it make any difference whether you are bridging a river or a chasm? With a river, you could at least float the wood across. Once again, if you had the makings of two Leonardo Bridges, you could use them in a military-style bridging race, to see which team could build and cross over their bridge first, but with the added degree of difficulty provided by a chasm.
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A magnificent book, the size of the bible from a medieval cathedral. It is the biggest book I have in my house, which is ironic, as many of Leonardo’s notebooks are tiny. The volume contains huge-scale reproductions of complex engineering sketches, as well as Leonardo’s masterful artistic studies. Look closely, and you will find that it does have a picture of the bridge on one of its huge pages. Amazingly, you can own this book for only $100 or so.





13. YOUR PERSONAL HOVERCRAFT—YOU HAVE A PERSONAL COMPUTER, WHY NOT RIDE AROUND ON YOUR PERSONAL HOVERCRAFT?



FIRST WITCH. When shall we three meet again?

In thunder, lightning, or in rain?

SECOND WITCH. When the hurlyburly’s done,

When the battle’s lost and won.

THIRD WITCH. That will be ere the set of sun.

FIRST WITCH. Where the place?

SECOND WITCH. Upon the heath.

THIRD WITCH. There to meet with Macbeth.

FIRST WITCH. I come, Graymalkin.

ALL. Paddock calls. Anon!

Fair is foul, and foul is fair.

Hover through the fog and filthy air.

William Shakespeare, Macbeth*

The hovercraft is arguably the most recent great invention of the transport industry on Planet Earth. The Segway or something like it may yet break through to the mainstream and take its place, but for the moment, I think the hovercraft still has the laurels.


HOVERCRAFT AT YOUR SERVICE

Hovercraft ply the waters of many lakes and even a few stretches of open sea. They come in many shapes and sizes, they take passengers, sightseers, even vehicles—the largest of them weigh 300 tons or more and can transport dozens of cars. Small racing hovercraft are used for sport, while others provide medical services, as described in Michael Cole’s book Journey to the Fourth World.

The largest hovercraft ever made are true Leviathans, possibly the largest land vehicles in history, and they are designed for very low speeds. These are hover systems used for moving parts of ships around during construction. There is a Japanese shipyard where 10,000 ton ship sections can be moved on a hovering base, pushed along very slowly by enormous tractors.

Military hovercraft, meanwhile, have been heavily developed to give high speed and a capability to travel over shallow waters and coastal flatlands. They provide a kind of answer to the general’s nightmare scenario: landing an army from the sea on a defended coast. They can move equipment swiftly and land troops on the enemy’s shore without even getting their feet wet. The largest ones, the Russian Zubr class, weigh in at a hefty 500 tons.



 

Although everyone knows about hovercraft, many have yet to ride on one. There are thousands of hovercraft in civilian passenger service, providing transport across mud flats and for short sea crossings around the world. However, they are still relatively rare beasts. Which makes a project to produce a simple working Personal Hovercraft that you can actually ride around on doubly attractive . . .

What You Need


An electric hover lawnmower. (These small lawnmowers are garden-variety in the UK, but much less readily available in the US). An alternative would be some other kind of powerful electric fan unit. What you need is low pressure, but high volume, so a low-pressure centrifugal fan or axial fan is indicated

6 mm (¼") plywood

40 mm × 20 mm or 50 mm × 25 mm (1½" × 3/4" or 2" × 1") wood battening

Tough polyethylene sheeting

Tape

Screws

Bolts

Lightweight wire mesh or grill

Handles (see text)



What You Do

The hovercraft is based on attaching a powerful motor fan unit to a sheet of selectively reinforced plywood on which the rider can sit. At the back of the craft is a part that can be gripped so that it can be pushed along efficiently by a second person leaning their hands onto the back and striding or running along as they push it. Finally, an efficient skirt ensures that the relatively low power of the lift fan will be sufficient to lift an adult or two or three children.

Remove the handle from the hovering lawnmower, and most everything else, except the body, the motor and fan, and the cable that connects to the mains. You can use the dead man’s handle switch from the mower for the passengers on the hovercraft to use as an on/off switch. Be absolutely certain that you remove the blade and fasten the fan firmly back on. If you are using an alternative electric fan unit, you may have less preparatory work to do.
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Cut out the base of the hovercraft from 1/4" plywood, making it around 5 feet × 3 feet. You will probably have fewer skirt problems if you make the base oval in shape. But a stretched octagonal shape is probably close enough to an oval. Now cut a hole for the fan in the plywood. Next, bolt and glue the motor-fan unit to this so that the air blows through the hole. Put a piece of lightweight mesh across the unit to prevent anything from getting into the fan. Reinforce the edge of the plywood underneath with glued-and-screwed 3/4" × 1½" wood battens, and put a piece more or less across the middle, just a little in front of the fan. You can also use the lawnmower handle at this point, fixing it to two wooden blocks near the front of the craft.

Lastly there is a slightly trickier part: the skirt. I made a skirt by placing the hovercraft on top 6' × 4' sheet of heavy wrapping-grade polyethylene (PE) plastic—actually the bag a bed mattress came in. I trimmed it so that it could be folded over to the upper side of the hovercraft, leaving it about 3" bigger than the hovercraft body, then glued it to the upper surface using solvent-based contact glue and taped it as well, using wide Scotch tape. You can then add another set of thin battens around the top of the edge of the machine to hold the taped skirt down permanently. At this point, you may want to add handles for the propulsion unit (this hovercraft uses a 1.0 human-power engine).

Once you have more or less followed the above instructions, you should have something like a large cushion underneath the craft, and you can check how good it is by switching on the motor briefly, and seeing how efficiently the cushion inflates. Make sure that you switch it off promptly or the cushion could inflate to bursting point.

At this point, the hovercraft is actually a lift-up-and-doesn’t-go-anywhere craft. If you try pushing it around with a person riding while there is air in the cushion, you won’t be able to shift it unless you shove very hard. It is just a cushion, and cushions don’t move all that easily. To get some real motion going, you need an air cushion. You’re going to have to cut a large hole in the middle of the PE sheet, just 20 cm (8") or so in from the craft’s edge. When you are cutting the hole, always err on the side of cutting a smaller hole to start with—as you may have noticed, it is easier to make a hole bigger than smaller. I also added a ring of 20 mm (3/4") holes in the PE sheet, about 75 mm (3") apart and 50 mm (2") from the edge (see diagram). The idea of holes is to provide an element of lubrication in the form of air to the skirt’s edge where it rubs along the ground.

Now switch the motor on, and get your pilot or pilots aboard. You may have to rock the hovercraft to and fro a bit to get the skirt filled correctly. When that’s done, give it a push, and off you go. If you have trouble starting the machine, try getting it to lift with nobody on board to start with, perhaps then putting one foot on the middle to see how it handles weight. It may be that the skirt is misbehaving in some way. Once satisfied, get your pilot back on board.


Hazard Warning

Ensure that nothing—particularly a piece of string or cable, or a piece of clothing—can be sucked into the fan. It would be wise to add a grill of some kind to the air intake. It is also prudent, as suggested, to add some kind of protective mesh to stop anything (like a string or cable) from getting wrapped around from underneath. Also, the motor fan unit is electric. Treat the cable with respect. To avoid any chance of electric shock, replace it if it becomes abraded, nicked, or otherwise damaged.



The pilot has to try to balance the machine so that it sits symmetrically on its air cushion. The experience is rather like sitting on a top-heavy boat. If the pilot cannot wriggle himself into a central position, then the pusher can help the balance by using his weight on the handles on the back as he pushes. He can also use his weight to rock the hovercraft from side to side like a boat in a stormy sea. Keep the Dramamine or other seasickness pills handy!

Be aware that, even with only one small kid pushing, the maximum speed of the craft may well be 10 mph or more. It could make quite a hole in a plaster wall, so a little care is needed. It’s probably safest to push the craft roughly in a circle around a central point in a large indoor area like a gym. It does not matter if there is no electric power socket in the middle of the circle, as the craft can of course simply hover over its own cable.
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Hovercraft Skirts

The skirt described above is a simple design that more or less works. However, you may encounter skirt problems—and the skirt is probably the most critical part of a hovercraft. Depending upon the length-to-width ratio, the depth of the skirt, and how big you make the hole in the bottom, you may find that the skirt, instead of forming the C-shape cross-section illustrated, flips out from underneath and leaks a lot of air. This tends to happen on the long sides. You can correct the problem by restraining the skirt from flipping out with tape and/or string. The simplest way is to use two lengths of tape, long enough to go from one side of the hovercraft to the other, stuck to one another sticky side to sticky side, but with the last 50 or 100 mm (2–4") separated and stuck to each side of the skirt along the long side. This holds the opposite sides of the skirt to each other and stops them flipping out. The tape can be attached to the middle of the underneath of the plywood to restrain each side of the skirt independently. And you can use string instead of tape, although you do need to attach the string so that it won’t tear a hole in the skirt. You could fasten the skirt in this way at other points too, if it helps to keep the skirt in a good shape.

There are other skirt designs. Some involve having a separate toroid, or donut, chamber at a slightly higher air pressure around a central hole. Typically, the donut ring is fed by the fan and has holes on its inside so that air leaks out and fills the center. As you can imagine, this arrangement becomes very like the “C” design if you put a lot of big holes on the inside of the torus. Other possible solutions include dividing the skirt into a bunch of fingers—large vertical flexible tubes made of fabric—that circle the edge of the craft and are kept inflated with air.

You can try measuring the ground pressure exerted by the hovercraft by simply using a U-tube manometer: a 70 kg person on a 2 m2 hovercraft will exert 3.5 mbar (3.5 cm or 1½" water gauge). Try putting more or less weight (or more or fewer people) on board and see whether the pressure changes appreciably.

How It Works: The Science behind the Personal Hovercraft

A hovercraft’s lift is simply proportional to its footprint area on the ground and the pressure that its lift fan can achieve. So if a lawnmower of mass m and area a has enough pressure to hover, then a hovercraft of area A using this lawnmower—which will have the same pressure—should be able to lift a mass of m multiplied by the ratio A/a. The pressure (P) that the fan can produce is given by the weight of the lawnmower (m g) divided by its area. In other words, if you multiply the area of your hovercraft by 10 relative to the area of the lawnmower, then you will also multiply the mass you can lift by 10.

You may be surprised to discover that, within wide limits, the pressure exerted by the craft on the ground varies precisely linearly with the weight aboard. You will have seen this clearly if you tried testing the pressure with a manometer as suggested. At a low loading weight, the hovercraft flies higher and leaks air from its skirt, lowering the pressure achieved by the fan, until its weight once again equals pressure times area. At higher loadings, the hovercraft flies lower and the skirt seals the air leaks better, resulting in a lower flow and thus higher pressure from the fan.

And Finally . . .

Propulsion: The Cable-Hauled Hovercraft

Although the simplest means of propulsion is simply pushing the craft, you could of course add a nonhuman propulsion system. The standard way to propel a hovercraft is of course to use an airscrew, a propeller. Another way, used by one or two full-size purely marine machines, is to use water screws. Marine hovercraft may also have rigid sidewalls rather than rubber skirts. However, we don’t want to go over water, and it is difficult to draw enough power from an ordinary mains electric point to provide enough power for airscrews.

My science club is experimenting with powering their hovercraft by means of a winch or pulley hauling in a strong string. You can simply reel the string in on a winch drum. Or you can put a wide pulley at the front, driven like a winch drum, but with just a turn or two around the drum, the string being taken around some small pulleys and out of the back of the craft. Just a little tension on the string at the back will be sufficient to get the string on the drive pulley to grip tightly and pull the hovercraft along.** The science club has had some trouble with controlling the winch: you have to remember to switch it off if there is a jam, as the rotating drum can quickly heat up the string and damage or even snap it.
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Curiously, some of the largest hovercraft in the world are actually hauled by cable. Mobile oil-drilling rigs can be built onto large, flat platforms, then equipped with huge electric fans and a skirt—and hovered, despite weighing 500 tons or more. They are buoyant, and are typically towed by sea until near their destination, usually marshes, mud flats, or shifting sandbanks. Then the fans are powered up and the rig is easily slid into position using small cables and winches.
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* Is it possible that a piece of modern technology fell through a time-warp and landed in the hands of three Shakespearean witches?

**The pull force you can get from a turn or two of string around a rotating drum follows an exponential law (see also “A String Amplifier” in “Simple but Subtle”):

 

F = Fo exp (α θ),

where R is the pull force, Fo the tension in the trailing string, α is a constant, and θ is the angle (= 360 degrees for one complete wrap, 540 degrees for 1½ turns, and so on). As can be seen, for small angles of wrap the force exerted will be small, but if you wind several turns onto the drum, the maximum force before the string slips will be hundreds of times the trailing string’s tension.



TIPS AND TRICKS



GENERAL STUFF

Recycling Technology

Discarded electro-mechanical machines such as printers or, even better, Xerox photocopiers, are stuffed with goodies that can be recycled into science projects. And it’s a fascinating game trying to figure out what all the parts do, as you pull an old copier apart.

Clamp Stands

These standard adornments of the chemistry lab are not just for chemistry. They are perfect for lots of other things too, both science projects and nonscience projects. Once you have them, you will wonder, to coin a phrase, “How the heck did I ever manage without a set of clamp stands?” Ask Santa Claus to put two or three in your Christmas stocking.

Lubricating Drills and Screws

Mechanical sliding parts work better with a little oil. You wouldn’t dream of driving your car without oil, so why drill holes without lubricant? Actually, cooling the drill bit is important too. For most drilling, water does both cooling and lubrication well enough. Drilling operations in a factory often use an emulsion of oil and water to get an optimum combination of lubrication and cooling.

Similarly, you will find that putting a smear of grease on woodscrews helps enormously. It doesn’t matter too much what grease: butter seems to work well, for example. You will find that you can drive screws much more easily once they are greased. And, especially if you have a quality electric screwdriver (a highly recommended gadget), you won’t have to drill pilot holes in materials like softwood. With a little grease, most screws will go in easily without any need for a pre-drilled hole (although if you are trying to get a strong binding force between two pieces of wood, a pilot hole in the upper piece helps).

Left-Hand Help

If you think that your hands need protection when working on something, you can of course put on a pair of gloves. But this makes your hands clumsy. So why not try putting on only a left-hand glove (if you are right-handed). That way you can keep most of the dexterity you need with your right hand. Even better, you will probably have found that you injure your left hand more often anyway, so protecting it is more important. Of course, if you are left-handed, then you need to reverse this logic and wear a glove on your right hand only.

Sawing

Clamp the workpiece down firmly, so you don’t have to hold it, and in a position that allows you to saw in a downward vertical plane. Use two hands on the saw, and don’t press down hard. If the saw is sharp, it will cut with its own weight plus the weight of your hands. Use the full length of the saw blade, if you can, and move smoothly: imagine yourself as part of one of those giant well-oiled steam engines from the Industrial Revolution. And for metal sawing give a thought to lubrication, as in drilling.

Hot-Melt Glue

This stuff is enormously useful, but can give you a burn. If you don’t have a cold-water supply where you are using it, keep a bowl of cold water handy. If you get a blob of glue on your finger, immerse it in the water immediately.

Motors and Gearwheels

A lot of projects will need some kind of motive power. An electric motor is often the easiest and most controllable choice. They can be bought new, of course, or fished out of discarded toys and small machines and repurposed. Surprisingly, you can often run larger motors at much lower voltage than they were designed for, and this can be useful. Remarkably, an AC mains motor of the universal type, with a commutator, will run on 10 or 20 V DC at low power. By the way, in addition to the commutator to power it, the motor has a field winding that needs powering as well. This trick doesn’t just work in the US on 110 V motors, either. Astoundingly, I have used 240 V AC washing machine motors for demonstrations running on just 30 V DC.

Motors typically run far too fast, thousands of rpm, and with too low a torque to be useful. If using a salvaged motor, try to extract it complete with its reduction transmission train, in case you need it. If you’re buying a new motor, try to get one with a transmission ready-fitted—it is quite a lot of work to make a transmission—unless you’re sure you can use the motor as is.

ELECTRICKERY

Variable DC Power Supply

A small variable DC power supply is enormously useful. You can power most things with batteries of course. However, with an experimental device, you often need to test different levels of power, and it’s much quicker to be able to simply turn the voltage up and down until you figure out what works. Otherwise, you’ll have to change the number of batteries until you find the working point.

Strain Relief

When you solder wires onto things that move or vibrate, or in other situations where the wires may flex, you will find that the wires tend to break off just a millimeter or two away from the soldered joint. This used to drive me crazy! We would get something working, and then, just as we were showing it off to an admiring audience, it would stop dead. How to stop this happening? You can try tying the wires down with duct tape or cable ties, and this often works fairly well. But the last few centimeters of wire can often still jiggle up and down enough to break off after vibration or strain. So sometimes, in addition to the tape and cable ties, and sometimes on its own, I put a blob of hot-melt glue around the joint. You need to make sure that the blob continues up the wire for a few millimeters, a centimeter or more for thicker wires, surrounding the wire and tapering away to nothing at its finish. The glue acts like one of those short rubber sleeves you often see on the end of flexible cables on appliances. Although the wire can still flex up and down, it will flex over 10 mm or so instead of just around where the solder or other joint finishes.



OLD-FASHIONED UNITS



I still find the old units of measurement useful to get a feel for things, but of course the consistent metric system is much better for calculation. Here are some useful conversion factors:

 



	1 inch

	25.4 mm




	1 foot

	300 mm




	1 foot

	1 nanolightsecond




	1 mile

	1.609 km




	1 camel day

	60 km




	5,865,000,000,000 miles

	1 lightyear




	1 mph

	1.609 km per hour




	1 mph

	0.447 m s-1




	1 in3

	16.4 cm3




	1 ft3

	28.3 liters




	1 oz.

	28.35 g




	1 pound

	0.4356 kg




	1 mph

	1.609 km/h




	1 hp

	745 W







	Temp (F)

	(1.8 × Temp (C) + 32)




	−40°F

	−40°C




	32°F

	0°C




	61°F

	16°C




	68°F

	20°C




	212°F

	100°C
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The author giving a talk at the Royal Institution in London’s Mayfair, standing at Faraday’s desk.
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electric igniters, for fireworks, 85

electrolysis, 160–164

electromagnetic drag, 282, 284

electron drift speed, in metals, 372

electrowetting, 230
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Harrison, John, 259, 266

heat capacity: of materials, 364; of wax, 304

heat index number, 361

heating element, sheathed tungsten, 369–370

Hele-Shaw, Henry S., 40
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invisible watch, 47–54

ionomer, 416
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Kevlar, 400, 407, 416

kinetic energy, 67, 180, 206, 406
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Lake Geneva, 502
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Lavoisier, Antoine, 56
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lead dioxide, 379

lead-zinc battery, 379

left-hand only glove, principle of, 528

lens, energy multiplying effect of, 58–59

lens pipes, 221–229

Leonardo’s Bridge, 509–516

Liberty ships, 478

lie detection, by change in skin blood flow, 367

lift force, 26
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light pipe, 221–229

Linde, 420
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man-powered airplane, 110–111
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momentum, of jet, 139–140, 500

Mondrian, Piet, 50
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Moore’s Law, 376, 377
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Motor Brushes: train, 116; vehicle, 112–116
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Murphy’s Law, 484
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Newton’s drag force approximation, 453

Newton’s Second Law of Motion, 140, 252, 439, 493

Newton’s Third Law, 406, 487
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NiMH battery, 474
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ocarina, 239–247
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Otis, Elisha G., 433

overtones, 466–468

oxygen, distillation of, from air, 420

oxygen fireworks, computer control of, 426–427

paddle steamer, 117

Panaplex display, 359
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parabolic trajectory, of projectile, 418

paraboloid, 173–174
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paraffin wax, 175

parking radar, ultrasonic, 392–396

particle accelerators, 225

paternoster elevator, 434

pendulum, compound, 272; conical, 275, 281

pendulum equation, 133, 262, 270, 271, 347

perfect pendulum, and paperclip clock, 263

permittitivity, of free space, 342

perpetual clock, 339

perpetual motion, 338

personal armor, 400

perspective geometry, 509

PET. See polyester

piezoelectricity, 209, 214–217

pitch of propeller, 438

Planté, Gaston, 379

Planté cell, 340, 342, 379

plastics, brittleness on impact, 407

Plateau, Joseph, 201

Plateau-Rayleigh instability, 201

plywood, 404, 407

pneumatic building, 136–137

polarization, of light, 47–54

polarizer, 48

polyacrylamide, 168

polyacrylate, 168

polybutadiene, superelastic, 64

polyester, 320, 411; soda bottle, 400, 411,

polyethylene terephthalate. See polyester

Polyfuse, 374, 386, 387

polyimide, 400, 407, 416. See also Kevlar

polymerization, 80, 316, 321

Polyswitch, 374, 386, 387

polyurethane, 317, 320–321

pop-up piston, 9

positive temperature coefficient (PTC) thermistor, 373, 381–389

potassium: chlorate, 88, 419; hydroxide, 359; nitrate, 419; perchlorate, 88

potential divider, 369

Preece, William, 212

pressure switch, 442–444

preposterously big party blowout, equation, 461

Priestley, Joseph, 56

PTC thermistor, barium titanate, 386

pulse-jet amplifiers, 333–337

pulse-jet engine, 333

pump: air lift, 450; noria, 274; Sprengel vacuum, 450; Tesla, 122

punkah-wallah, 130

pyrolysis, 79

quality (Q) factor, of oscillator, 346

quartz: 53, 296; crystal, 205–210; oscillator clock, 135, 206

radio, 211–220

railroad track (camber and spiral easement), 488

RAM, dynamic and static, 376

random access memory (RAM), 376. See also RAM, dynamic and static

Rattler, HMS, screw-ship, 26, 117

Rayleigh, Lord, 201

reaction rate: of chemicals, 316–321; increase with temperature, 81–82

read-only memory (ROM), 356, 358

RealD movie system, 52

reciprocal addition, of capacitors, 220

reinforced concrete, 93

relative permittitivity, of dielectric, 342

relay delay line, 325–327

remontoir, 264

resistance, of metal contacts, 216

resistivity: of copper, 319; of epoxy adhesive, 319; of polymers, 82

resistor-capacitor (RC) oscillator, 441–448

resonant frequency, 242, 244, 466–468

Reynaud’s phenomenon, 366

Reynolds number, 453

ride height: equation for tire, 394; of vehicle, 391–396

rotating pipe joint, 504

RTV 31 hovertrain, 490

rubidium, 187

running aground, avoiding, 121–122

rupture disk, 399–418

sailplane, single-blade propeller, 24

sand: as cement, 95–96; dunes, 45; formation of stripes when pouring, 39–46

sand molds, for casting of molten metal, 37, 38

sandglass, 292–299; equation, 297

sandtimer, 292-299

sarsen stone, 101

satellite navigation, 187

sauna, 361

Schneider propeller, 26, 28

screwdriver, electric, importance of, 527

screw steamer, 117

scroll pump, 274

sculling, 23

seashell, hearing the sea in, 465

seismometer, 271

semitone, 243, 464

servo, brake, 16

seven-segment display, 353

shallow water wave, 347

Shortt, William H., 263

Shortt-Synchronome clock, 263

silent pendulum clock, 262

silica gel, 36

silicon light detectors, 228

silver: iodide, 372; sulphide, 372

sloshing, of tank truck, 345

slugging, of liquid in pipe, 456

snorkel, 483–488

soda bottle, 29–33, 410–411, 415–416

sodium: bicarbonate, 354, 357–358, 377–380; carbonate, 341; chlorate, 85–89; hydroxide, 339–340; nitrate, 419; silicate, 34–38, 321; vapor street lamp, 291

solar: concentrator, 62; furnace, 234

space elevator, 199–200

spacehopper, 240

spaghetti squirting, 189

sparkler firework, 424

Special Operations Executive (SOE), 160, 307

speed, of sound in gas, 243

spiders, ballooning by, 200

spider web spray gun, 198–199

spiral, 274, 276

spiral easement, of railroad track, 488

Spooner, Reverend William A., 353

Spoonerism, 353, 356

Sprengel vacuum pump, 450

spring constant, 163

sprinkler systems, exploding glass vials for, 368

spud gun, 3

square root law, of Kleenex clock, 155, 157

squirming instability, of pressurized surface, 140

standing quarter mile equation. See final speed equation

starburst display, 359

“Star Spangled Banner, The,” 449

static RAM, 376

Stauffer, John, 379, 380

stearic acid, 175, 180, 306

Stokes, George, 73

Stokes’ law, for viscous drag, 73, 76, 453

Stonehenge, 101

Stong, C.L., 337

strain relief, on wire connections, 529

stress visualization, with polarized light, 53

string, stretching of, 188

string theory, of light, 50

strong focusing, 221–229

subjective coldness, 365

sugar, rotation of plane of polarization, 47

sun, power density of, 55

superabsorbent polymer, 168

superball, 390

supercritical carbon dioxide, 75

superelastic polyurethane, 64, 390

supersaturation, 29–33

Surface Acoustic Wave (SAW) devices, 325

surface tension: in bubble, 32; in cylindrical balloon, 109

swaying, of tall buildings, reduction by sloshing tank, 348

synchronous electric motor, 286

Syracuse, Italy, 62–63, 237

Systx1ème International (SI) units, 139, 531

tamping tool, 412–413

tank truck, sloshing in, 345

tape suspension, of pendulum, 264, 282

T-beam, 107

tealight candle, 301–304

telautography, 182

tension wheel, 474–475

Tesla, Nikola, 122

tethered helicopter, 248–255

theobromine, 75

thermal conductivity, of different materials, 364

thermal expansion, 81

thermic lance, 420–421

thermistor (NTC). See NTC thermistor

thermistor anemometer, 330–331; flow meter, 382

thermistor (PTC). See PTC thermistor, barium titanate

tiltmeter, 272

time pencil, 160

tires, heating of, 391

tissue paper testing, 158

topple propagation speed (TPS) of dominoes, 99, 102–103

torque amplifier, 124–129

torque calculation, 473

tungsten, 103, 369

tuning fork, quartz, 205–210, 270

tuning radio transmitters and receivers, 219

turbine, Tesla, 122

twisted pair cable, 290

ultrasonic echo sounder. See parking radar, ultrasonic

units, conversion factors between, 531

upside-down pendulum, 101

U-tube manometer, 503, 506–507

vacuum bazooka, 15–21; equation, 19

Venturi, Giovanni, 9, 12

Venturi effect, 9–14

Vermeer, Johannes, 231

Very Low Frequency (VLF) radio waves, 285

Viking navigators, 47

viscosity: of air, 200; of water, 120, 174, 452

viscous drag force, 453

vortex, in air, 330, 332

vortex tube, 298–299

voussoirs, of stone bridge, 512

Wallis, Barnes, 64

wall of death, 494

Watergate tapes, 291

wave, shallow water, 347

wave equation, 217

wavefocusing, 482

wax, 175, 306

wax actuators, in cars and spacecraft, 176

Waxaulics, 175–181

Welding Institute, The, 478

Wells, Alan, 478

Wells, H.G., 5

Wells Turbine, 478–482

whirlpools, 170–171

whistlers, VLF waves, from lightning, 285

white noise generator, 468

Williams, Mark S., 247

wind-chill temperature, 361

wind turbine, vertical axis, 477–478

xenon, 460

Xerox, copiers, source of interesting parts, 527

yearglass, 298



OPS/images/388.jpg
Address 3

Address 2

Address 1

o1d oLd
2 Y v
<[54 oud
T €a31 0L
Y
B
314 oLd
Y
o1d 0Ld
£ Ly
314 oLd
2031 b m
Y
By 2
O1d OLd H
L 3
o1d 0Ld 2
Kl
K Iy ]
513 oLd 3
T a3 o
Y
N
51d oLd
Y

4-8volis





OPS/images/389.jpg





OPS/images/386.jpg
10000000
1000000
100000
10000

100.0-

resistance (chms)

100

ke I





OPS/images/402.jpg
135 degree elbow.
4 brick —
Pintrigger <A, Tire valve
-

Projectie_——
Clamped
heavy brick
(it hole)

3
o Clamped
N brick
e Cork piston

Friable
material —
projectie

~
Electric rigger

Planetary






OPS/images/405.jpg





OPS/images/393.jpg
Moving coil meter

Mociied
parking sonar

Uttrasonic
transducer





OPS/images/397.jpg
MAD BAD,
e 1l P

DINGERLIS:





OPS/images/410.jpg





OPS/images/408.jpg
O-ring pressure seal
(and fim clamp)

Connecting wire

Hole in screw cap





OPS/images/41.jpg
8
g
8o
i
82 5
i §
i
1 o
= &

:

£

3

~§§§=—-ﬂ






OPS/images/420.jpg





OPS/images/423.jpg
(Oxygen firework lance

NiCr resistance

wire ignitor
—~a (“"“’67 rFewve)
o I 2 : Z
ety p - K
: l i
La
Optional Lancetp  Optional PUNbe
low restrictor flow restrictor
Fewre— Al outer tube
Section A-A
Alinner tube

Fasie





OPS/images/417.jpg





OPS/images/418.jpg
distance (meters)

s &
i fibet





OPS/images/43.jpg





OPS/images/431.jpg
Great

STUFF






OPS/images/427.jpg
Q

NiCr ignitor = ™

Compressed
oxygen

Pressure

reguiator

switches

Connecting wires

Firing and flow





OPS/images/428.jpg





OPS/images/435.jpg
Tube (e.g., clear acrylic)

Variable DC
power supply





OPS/images/437.jpg
vawe [Fosifon indicator 1 [Fosition indicatar 2

<

—~

Spy holes.

S

=





OPS/images/342.jpg
C=c e A/d

c .

425X 10¢
F 8.85 %102 8 0.00006m*  1x10%m






OPS/images/341.jpg
15 volts

i

lead wire cell

—1

s






OPS/images/346.jpg
6V relay

Sensor electrodes






OPS/images/343.jpg
1 6 1116 21\26 31 36 41 46 51 56 61 66 71 76 81

91 9%





OPS/images/334.jpg
Faucet

Nozzle






OPS/images/331.jpg
56k | 22k

[Thermistor anemormeter Groull

Jamp filament (sensor)





OPS/images/351.jpg





OPS/images/348.jpg





OPS/images/357.jpg
cono
U'L-‘LIL“

Receiver bowi

Ballpoint pen body,

12V power






OPS/images/355.jpg
Indicating
bubbles

Bare wire

/ Receiver bowl

Insulated wire





OPS/images/318.jpg
Multimeter

data k
S— or data logger
Human H Epoxy resin

mix

hair






OPS/images/315.jpg
Large current
electrodes

Voltmeter

Small voltage
electrodes

Tension <=

=> Tension

Current 1]

L ®—i

Mil-ammeter  gattery





OPS/images/319.jpg
resistance (kilohms)

18 77 115 153 191 220 267 05 343 381
time [seconds (x 10)]





OPS/images/319-1.jpg
o

/\
CH,-CH-CH,-Cl





OPS/images/314.jpg
s megohms
— exponent
square

04

resistance (megohms)

0.001
s ki)





OPS/images/329.jpg
Copper contact Battery





OPS/images/325.jpg
1 [ ) [) [)

= IF(NOT(EI),1,0) =IFALLY)  =IF(BLL0)  =IFCLL0)  =TFDI10)

= IF(NOT(E2),10) =IF(A210)  =TF(B210) =IF(C210) =IFD210)
= IF(NOT(E3),1,0) =TF(A310)  =TF(B310) =IF(C310) =IFD3,10)






OPS/images/323.jpg
3300 1k 1105 voks supply output

50 330n| 20k

coaial cable
- 10m or more long

[50/50 delay line oscillator using coaxial cable]





OPS/images/326.jpg
12v0lts

T %ﬁ% e EﬁT

Relay 50/50 delay line oscillator]





OPS/images/326-1.jpg





OPS/images/36.jpg
Plastic bag






OPS/images/363.jpg





OPS/images/371.jpg
f Normally insulating oxide
Area of conduction

Voltmeter

Flame

Optional

amplifier





OPS/images/373.jpg
T(K) R c InC InC (theory)
873 3.80 x 10" 2.63E-11 -24.36 -24.42
973 210 x10° 4.76E-10 2147 -21.42
1073 2.00 x 10° 5.00E-09 -19.11 -18.97
173 2.80 x 107 3.57E08 -17.15 -16.95
1273 5.30 x 108 1.89E-07 -15.48 -15.24






OPS/images/366.jpg
resistance

3500

3000

2500

2000

1500

1000

20 30
Pa——





OPS/images/370.jpg
Voltmeter

FeNNi alloy sheath
MgO insulator

Tungsten or NiCr
hoaler wire





OPS/images/385-1.jpg





OPS/images/385.jpg
4-8vots

PTC

PTC

bit red hot memory with LEDs.





OPS/images/378.jpg
Tin-lead solder
electrodes

Voltmeter

Cell 1 Cell 2





OPS/images/383.jpg
6vots

mutimeter

PTC thermistor

RESET|

PTC thermistor

Basic red hot memory cel





OPS/images/282.jpg





OPS/images/278.jpg
opnyiduse Bums

[re





OPS/images/294.jpg
Small hourglass ~ Threaded rod

Power supy
plipeciicss

ply





OPS/images/287.jpg
Loudspeaker

Divider
dircuit

+oV

Analog

)
dock dial

()

Selectable
divider circuit






OPS/images/313.jpg
resistance (megohms)

time (minulss)





OPS/images/311.jpg
Strong wire

Multimeter





OPS/images/302.jpg
(sse10WRUS9) ey

{ime (minulss)





OPS/images/30.jpg
tubing

Mint
imperials
/

Mentos






OPS/images/309.jpg
Bearing rail

Graduated disk





OPS/images/303.jpg
To power supply






OPS/images/25.jpg
1 Reduction
i jear

Wooden motor
and axle support

Keel (e.g., hacksaw blade)





OPS/images/251.jpg
Reduction gears

String or wire

String or wire

Power wire

Power wire





OPS/images/250.jpg
| Propeller
g

Reduction gears

Tether and

powerwire

| Additional |
I oy To variale DG

Anchorage power supply






OPS/images/271.jpg
Nea
vy horizontal pendulum
Compound

pendulum

Very ght-






OPS/images/27.jpg
Wheel

Transmission

Electric
motor

Battery

Rudder






OPS/images/276.jpg
Counterweight

=

=S

=

Pendulum






OPS/images/261.jpg
3V motor

10Q resistor

Pendulum
bob

T,





OPS/images/257.jpg
CLOXOTICA






OPS/images/268.jpg
i PRSRE A ——
Phototransistor

IRED

Optical encoder f 2 ( (
from an old
‘electro-mechanical

(bal) mouse

\ Bit of magnetized iron
Electromagnet

Micro- IRED
penduium

Elecromagnet

Phototransistor

5602 Power Diode
ey





OPS/images/264.jpg





OPS/images/223.jpg
/_/

e

S





OPS/images/219.jpg
C capacitor

C coupling capacitor

Recelver circuit

L inductor

Turning a radio receiver 1o a narrow frequency band





OPS/images/233.jpg





OPS/images/232.jpg
Sunlight
Tall ?
mirror /
| /
- Lens support ring

Water ~ (e.g. bicydle wheel fim)

Ciing wrap
thin fim

Newspaper
orsimilar e
combustible \

e






OPS/images/245.jpg
Semitones

Molwt  Speed (c) from
relative to  of sound, ¢ relative concert
Mol wt N, m/s toN, pitch
N, 28 1 340 1 00
He 4 7 899.6 2645751 168
co, 44 0.636364 2712 0.797724 -39
7% CO,in N, 29.12 0.961538 3334 0.980581 03
10% CO,
3% HOin N, 26.12 1071975 3520 1.035362 06
Doublemix 7 4 680 2 120
(895% He/11% O,)
Ducks Voice 9.8 2834008 5723734 1683451 90
Duck Voice
+CO,+H,0 12512 2237852 5086213 1495945 70
1.059463 10






OPS/images/243.jpg





OPS/images/226.jpg
T T T T 1
[ 500 1000 /1500 2000 2300 3000 3500

deviation from beam axis (r
b

distance along beam axis (millmeters)





OPS/images/226-1.jpg
deviation from beam axis (millimeters)

0 500 1000 1500 2000 2500 3000 3500
e e i el Gtk





OPS/images/228.jpg
Laser painter mocule

Solar
ol

Modifed radio

Batlry-powered  CPO"

Earphons jack (auio nput)
CRRN e





OPS/images/227.jpg
1000

distance along beam axis (millimeters)

o

(SIeOWNIIL) SXE WBS] Lal) UCHBASP





OPS/images/218.jpg
“coherer

+3 vols or so to match beeper

Piezo besper
ul o

106

Boosting coherer output with a transistor.

‘coherer

+3 volts or 5o to match motor

motor which
iggles coherer

protective diode

10nF suppressor
capacitor

Dariington pair





OPS/images/192.jpg
Valve open § Valve closed

oft






OPS/images/208.jpg
crystal

s L
autput
—
BCS47B

[Quartz oscillator for molecular weight






OPS/images/208-1.jpg
Molecular Frequency

Gas weight change Frequency
Air 29 85 32749.5
€O, 4“4 129 32745.1
He 4 12 32756.8
Vacuum o 0.0 32758.0
H, 2 0.6 32757.4
Ar 40 118 32746.2

Q
bl

47 327533






OPS/images/213.jpg
Transmitted
electromagnetic

Ground lead A LED

Spark gap Batteries
Plastic tube
Bolt
Boit
Branly coherer detail: Round
aluminum

Metal flings tube

Spark gas lighter
it O\

Branly
coherer





OPS/images/210.jpg
E)
S feaieinie)

EY

40

—————————°
28B838R_eer-e

uBIeMm Jenosow





OPS/images/198.jpg
Starter biob

Flattened
airnozzle

Copper
tubing

Hot-melt
glue gun

Plastic
|

AC power





OPS/images/196.jpg
Small dots of glue

Larger pools of

hot-mett glue Web sik

Wood block





OPS/images/206.jpg
’(—ammﬂ

e
3mm
A K Metal can

Quartz tuning fork

=





OPS/images/203.jpg
SIMPLERSCRETS
THE @A SE





OPS/images/190.jpg
‘Alr compressor

Nylon tube

String ejected
athigh speed

String supply





OPS/images/186.jpg
X Y R1 R2 R1" R2" r
05 ome0s 1 1 1 1 05 08660025
05 089025 L0262 LOS62  O.047I38 0947138 05 0804407
05 0926025  LIOT3  LIOTS3 0892477 092477 05 0739267
05 096025  LIG3  LIGHES 0830015 00015 05 0670016
05 09603 1246 L2IUG 0TS 0TITBE 05 0595736
0515 0.966025 LTl LTI 076320 0792520 0476674 0595174
053 0966025 1253146 LI93M6 074654 00684 0453389 0593489
053 0956025 L1488 LI34885  0.805115 0865115 0449893 0.667688
0515 0.956025 L1792 LIS 082079 085079 047496 0.669434
05 096025 LI  LIGHES 0830015 00015 05 0670016
05 096025 LIS  LIGHES 0830015 00015 05 0670016
052 0926025 1127923 LOBTO23 072077 0912077 0464317 0738192
0535 0906025 L1717 1037107  0.89293  0.96293 0435047 0779738
~(sg82°2
-2+ +F52
a5 (82 -G5'7)/  =SQRT(F5*2
input LB5%2  -AB  =2-C5  =2D5 (248  -H59)






OPS/images/184.jpg
Miniature steel

wire rope
Ballbearing Meccano
pulleys (Erecton) __|

wheel

e

Z

Transmitter detail:

Penny
washers
Glued

Wood frame

Tensioning
elastc






OPS/images/178.jpg
20 25 20 35
time (minules)

15

10





OPS/images/186-1.jpg





OPS/images/185.jpg
Fle
= o





OPS/images/17.jpg
Vacuum
‘accumulation
section

Loading section

To vacuum deaner





OPS/images/168.jpg





OPS/images/177.jpg
ETOL NS

Metal lever arm

Syringe piston

Ruler
Syringe cylinder

H~_— Paper insulator
ﬂl/ NiCr heating coil

N power
"=






OPS/images/172.jpg
Stier

Pump head H

Reservoir

<l  Central water surface: paraboloid





OPS/images/166.jpg
Optional
fiter

Swell-gel
granules

Vent hole

in shuttle

=4\

Gas out

Moving
shuttle

O-ing

(==

-

Spring
stop





OPS/images/162.jpg
Variable DC
power supply

Plastic
tub
—2

Prolacior





OPS/images/167.jpg
opes uosuedxe

T
6

me (minuies)

T
4






OPS/images/154.jpg
Clock element

Top

tape
S





OPS/images/150.jpg
— s
— sin2y)
15— time out

time (days)





OPS/images/159.jpg
—
clock element OFF
transistor

AND gate

transistor

Water





OPS/images/155.jpg
(sePpuueo) suob souEisIp

{ime (minulss)





OPS/images/148.jpg
e-sundial converter: time from millivolts

Theoretical mV. Time Theoretical mV.
1000 09:00:00 0
950 09:09:00 50
-900 09:18:00 100
-850 09:27:00 150

800 09:36:00 200





OPS/images/149.jpg
RERSEZEEEEREEEEE

12:00:00

=750
700
650
600
-550
500
450
400
-350
300
250
200
-150
-100
50
0






OPS/images/149-1.jpg
800

800

400

y=26792x - 605.69
Re = 0.993]

s00 400 500

e Gociil

800





OPS/images/9780691149660.jpg
oy
SCIENGE

THE VERY BEST BACKYARD SCIENCE
EXPERIMENTS YOU CAN DO YOURSELF

NEIL ADOWNIE





OPS/images/143.jpg
oURPRISINGLY
Oubtle.





OPS/images/14.jpg





OPS/images/147.jpg





OPS/images/146.jpg





OPS/images/132.jpg
Thin string

Rigid

ams

Battery

Copper contact





OPS/images/128.jpg
Large torque ] 3 Small torque
output shatt i 3 " input shaft
# ,,,E E{»——m
Yl —
ot Friction

d dum
drum Input arm
Drive Drive

belt belt





OPS/images/138.jpg
Lightweignt sheet
orfim

Hair dryer





OPS/images/134.jpg
.
2000
15.00-
10.00
500
0004

amplitude

500
10,00
—15.00-
-20.00.

fime

20.00

25.00





OPS/images/93.jpg
Elastic bands

Wood
blocks

Elastic bands /
Gap for

elastic band





OPS/images/127.jpg
Pulley

Coto

Base

Pulley





OPS/images/126.jpg
Small force
&)

Electric drill

Large force






OPS/images/99.jpg





OPS/images/ash.jpg





OPS/images/title.jpg
ULTIMATE
o=

SeEtE

THE VERY BEST BACKYARD SCIENCE
EXPERIMENTS YOU CAN DO YOURSELF

NEIL A DOWNIE






OPS/images/98.jpg
dominoes toppled

2,000,000+
4,500,000
4,000,000
3,500,000
3,000,000
2,500,000
2,000,000
1,500,000 4
1,000,000 4

5.00

10.00

15.00  20.00
time (years)

25.00

30.00

35.00





OPS/images/halftitle.jpg
THE
ULTIMATE
BOOK OF
SATURDAY

SCIENCE





OPS/images/f.jpg





OPS/images/radic.jpg





OPS/images/110.jpg





OPS/images/113.jpg





OPS/images/106.jpg





OPS/images/11.jpg
Air stream Ball or piston
~






OPS/images/121.jpg
Transmission






OPS/images/118.jpg





OPS/images/119.jpg
quard

Battery






OPS/images/1.jpg
=il a2l oy
Bl U @0

SUBTLE...






OPS/images/v.jpg





OPS/images/102.jpg





OPS/images/532.jpg





OPS/images/f0395-01.jpg
Chord lengths on circle of 200 mm diameter

P (bar) 100mm/P H (mm)
1 100 125
2 50 312

3

1.388
4 % 0.781






OPS/images/r.jpg





OPS/images/f0364-01.jpg
Thermal

Heat capacity conductivity
Marble 0.88 25
Stainless Stecl 047 185
Jg'K WK






OPS/images/f0365-01.jpg
Voltage Thermal conductivity

Expanded polystyrenc 13.02 0.035
Open air 137 0.036
Cork 13.8 0.038
Nylon cloth Bundle 14.09 0.05
Solid plastic 14.8 0.12
Woodl 156 0.14
Wood2 15.75 0.14
Glass 16.82 0.85
Steel bar 17.1 59
Steel plate 17.1 59

Granite 17.34 5
Brass 17.48 106






OPS/images/rr.jpg





OPS/images/t.jpg





OPS/images/ff.jpg





OPS/images/5.jpg
End chamfered,
beH Sy Meta\(ube S

“

Carrot

Carrot pg

Plunger rod Hand

Air \ protector
%— :\‘02-
s High pressure air
e — ¢ CPush
«= —
Carrot

projeclile





OPS/images/501.jpg





OPS/images/498.jpg
Low
pressure
water

Soda bottle
projectile

100 bar

pressure
/ water jet

Guide rods

High pressure
water





OPS/images/511.jpg
/ Gross piece
smeN





OPS/images/513.jpg





OPS/images/505.jpg
Coilof hose

Openend

Plastic tub





OPS/images/507.jpg





OPS/images/524.jpg
AN\

e A






OPS/images/519.jpg
Dead man's handle

1"x 2" slats for.
reinforcement

Polyethylene
skirt

1/4" plywood

1"x 2" spars \

Polyethylene skirt






OPS/images/521.jpg
Cskirt

Donut skirt

Opfional strap





OPS/images/61.jpg





OPS/images/65.jpg
Plastic  Sticky
ball tape
Curved
st

<

Sand






OPS/images/57.jpg
Sunlight

Mirror






OPS/images/60.jpg





OPS/images/79.jpg
Thin copper wire Thin copper wire

Power source | He@VY gauge wire  Thermocouple





OPS/images/82.jpg
15

ainjesedwe)





OPS/images/70.jpg
Vigorous
stiring Flotation

© ®





OPS/images/72.jpg
() ueLno ojoyd

5 20 25 3 35
time (minutes)

10





OPS/images/86.jpg
1/4" 6 mm OD tubing

Electric
gunpowder

12V (4 A)
power )

Aligator diips.






OPS/images/92.jpg
Laser spot

Platiorms with

central hole
Spiritlevel

Plan:

3-column tower

4-column tower

1

|« = Vertical laser

L





OPS/images/439.jpg
Fan ON
Fan ON
Fan ON
Fan ON
Fan OFF

Abypass valve OPEN
Abypass valve OPEN
Abypass valve OFF
Abypass valve OFF
Abypass valve OPEN/OFF

B bypass valve OPEN
B bypass valve OFF

B bypass valve OPEN

B bypass valve OFF

B bypass valve OPEN/OFF

ALBL
ALBT
ATBL
ATLBT
ALBL






OPS/images/446.jpg
RC oscillator using DIAC

1K

40 volts %

wire inductance






OPS/images/447-1.jpg





OPS/images/443.jpg
i
Y Garden vacuum bag

Garden vacuum/ieaf blower

] ”é;,%

Diaphragm
12Vrelay  Batery pressure
switch
AL power

Airtight inner lining






OPS/images/445.jpg
i Gt





OPS/images/458.jpg
Hollof

lay-at
tubing
Air pump
Test slo
Air |
Wood flange
Tops of soda boties Fiap of tape
Airin —
= >out

Team blowout

Tube

Home-made check valve

_‘?4/7 Rubber disk
Airin <> = =>ou
-/

Breathing circuit valve





OPS/images/464.jpg





OPS/images/447.jpg





OPS/images/451.jpg
Power
transistor
Clear acrylic tube

Airin

B Y

Distiled /
water and L Mini air

compressor
vinegar






OPS/images/466.jpg
Frequency 95 96 97 98 99 100 101 102 103 104 105
Amplitude 92 109 131 159 187 200 184 154 125 103 87






OPS/images/467-1.jpg
(( fo2=/f2) +6%?),





OPS/images/467.jpg
FI—





OPS/images/476.jpg
photoresistor

photoresistor

+V

resistor, eg 1k

positive feedback resistor

Possible scheme for switching panjandrum |

prop motor

ast

NPN

PNP

1S

prop motor






OPS/images/479.jpg
DG motor g

Turbine \ I /

Modiied Turbine
traffic planview
cone

Af drawnin A pushed out






OPS/images/468.jpg
UGN res speaicer,

T

i

8
12vnns -

Noise generator using back biased ransistor base-emitter junction






OPS/images/471.jpg





OPS/images/490.jpg





OPS/images/492.jpg
Air dam

Propeller
Liftfan
Motor -
Y[« Air dam
arcam [ =






OPS/images/485.jpg
Constricted
nozzle

Battery Motor  Diaphragm
pump

Water jet

Flanged wheels
or pulleys





OPS/images/49.jpg
Polarized or
D glasses

Compact
fluorescent
ool white
lamp

Linear polarizing sheetfilter,
or another pair of 3D glasses





