What is Electricity?

Watt
 indeed.

Who cares?

Electricity is available via a plug in the wall socket, and is controlled by associated switches. It is sold in “kilowatt-hours”, often called a “unit”, at about twenty cents each for you and I at home; much less for business customers. Although sold in units it is not delivered in lumps (like sacks of spuds) but more or less continuosly over some time period at a certain rate, determined by the devices using electricity. This rate is measured in “watts” or for larger consumption rates, kilowatts, and at power stations, the places where electricity is manufactured, the name is usually megawatts.

Accordingly, a light bulb rated at a hundred watts will produce a certain brightness, and after it has been running at that rate for two hours, it will have consumed the amount of two hundred watt-hours (the product of rate and time), which at a price of twenty cents per unit will cost you four cents. This ignores the other charges the electricity merchants use to boost their revenue beyond that obtained for electricity delivered. Similar calculations apply for other devices, such as an electric heater rated at two kilowatts, etc. Other devices may be able to deliver a similar service but use less electricity in the doing, as with fluorescent tubes that can produce about the same quality and amount of light as a hundred watt incandescent bulb but consume perhaps thirty watts.

Comparisons are not necessarily straightforward: the alternate device will have a different size and shape that affects its convenience, and its light may differ too much in colour and flicker. Further, there are collateral considerations: almost all the electricity used by these devices ends up as heat so replacing a one hundred watt device by a thirty watt device means as well, seventy watts less of heating, and if that prompts you to run an electric heater more (even via a thermostat control) then the expected saving in electricity usage will not be attained.

In the home, most electricity goes towards the production of heat: water heating, space heating, and cooking and there’s not a lot that can be done about this because the conversion of electricity into heat is already 100% efficient, whereas theconversion of electricity into light in a modern incandescent bulb attains about 10% efficiency. Indirection must be used. Cooking can be done by burning gas, and this is much better than burning it in a power station where over half of its fuel value is lost in producing electricity – but, you need a source of gas to burn at home. Although you could burn gas for water and space heating, or use solar heat collectors, for the low-temperature heat these require there are interesting opportunities involving devices called “heat pumps”. These use electricity to operate pumps and fans and stuff and have the effect of taking heat from the world outside the house and pumping it “uphill” to a slightly higher temperature with the result that a heat pump could consume one kilowatt of electricity yet produce about three kilowatts of heat.

Again, comparisons are not necessarily straightforward. A heat pump is much more complex than a simple electric heater and costs much more. In the case of space heating, before being re-marketed as heat pumps these things used to be called air-conditioners and were used to cool a room, but they can easily operate either way. With variations of  design and price, they are large, noisy, obtrusive, and immobile – usually fixed into a wall, they can’t be removed when unwanted.

So, are heat pumps worthwhile? Water has a very high heat capacity, one calory per cubic centimetre per degree Centigrade (definition), which is 4·185 Joules (measurement); for a litre of water that is 4185 Joules and to heat that litre 50°C will require 209250 Joules. One Watt is one Joule per second (definition), so dividing by the 3,600 seconds in an hour gives 58·125 watt-hours, which will cost 1·1625 cents, thus, raising one litre of cold water to the boil will cost under three cents. A hot water cylinder may have a forty gallon capacity, which is 181·6 litres, so supposing that the water starts at 5°Centigrade and finishes at 55°C, that will cost $2·11 each tank full.

Maximum efficiency: burn some fuel or other at home to generate electricity, use the low-temperature exhaust heat for heating. But alas, the cost of the multiple devices is high.

And now, for those who want a detailed explanation...

Electricity is usually defined as being electrical energy, which is transmitted over electrical conductors. An electrical conductor is of course a conductor of electricity as distinct from an electrical insulator which isn’t: this doesn’t help much. Likewise, energy is often defined as the ability to do work and there are innumerable ignoramae who will assert that a pupil, when confronted by the query “What is energy?” who responds “The ability to do work” has thereby demonstrated competence in understanding the subject. All that this has done is introduce additional terms: what (or who) is manifesting ability in what way, and, what is this work anyway? Tossing words about demonstrates a facility with words, and giving something a name is merely nomenclature, not that this stops anyone from claiming that triboluminescence is thereby understood, or that teaching is not hard work.

Rather than issuing an ever-rising stack of declarations, the problem of definition must be approached constructively. One starts with direct human experience, unmediated by ratiocination. In The Gray Prince by Jack Vance there is a footnote on page twenty-four with the following definition: 

SLU: Standard Labour-value unit; the monetary unit of the Gaean Reach, defined as the value of an hour of unskilled labour under standard conditions. The unit supersedes all other monetary bases, in that it derives from the single invariable commodity of the human universe: toil.

This is not a new idea:

In the sweat of thy face shall thou eat bread,... Genesis 3:19.

So then, how might what is accomplished by work be assessed in a quantifiable manner? If one long row has been hoed, a second row would seem to be twice as much work. If it were just as long. And as heavily weeded, and the same width, of the same soil that is just as compact or muddy or sandy, and the farmer was not exhausted by the first row’s hoeing. If one man can weed a field in one day, how long would it take a dozen men? Just as long, because they spent most of the day lounging in the shade drinking cider and boasting of their fertility. So, would adding an overseer (who does no weeding) result in more work being done, measured by the area weeded? What then is the production per person per day? Can one person’s production be added to another’s?

Traditionally, an acre was the area of land that could be ploughed in one day with a pair of oxen pulling a single-blade mediæval mouldboard plough under the direction of a serf. But, how long was a day? They’re much longer in summer than in winter at the temperate latitudes of Europe. And how big is an acre? It is a furlong (ten chains) long by a chain (twenty-two yards) wide and for ploughing, the equivalent area as a square would take longer than a day to plough because of the time lost in turning the team at the end of each furrow. So the shape of the area affects the work achievement and geometrical areas are not additive for this purpose.

What about transportation? Two oxen can draw a cart carrying a ton ten miles in a day so that is ten ton-miles achieved via the effort of two oxen over one day, or five ton-miles per ox. Would one ox take two days? No, because the ox and cart will fail to proceed. So would four oxen harnessed to the same cart take half a day? No, because oxen can’t be persuaded to hurry. Could they deliver two tons? No, because the cart will break. Could two hundred oxen drawing a hundred carts deliver a hundred tons in one day? No, because the road will be destroyed. What is additive here?

To formulate concepts a simple system must be found for analysis and this was achieved by Archimedes who used geometrical ideas to analyse the workings of a lever. There are no recalcitrant animals involved, nor obstinate self-directed uncooperative humans disinclined to exert themselves to your benefit despite their ability to do work. Moreover, he ignored such annoyances as levers that bend or break, or the fulcrum being pushed into soft ground, or loads that roll off the lever. By thinking in terms of an ideal lever (equivalent to a straight line and weightless) and a fulcrum equivalent to a point, he found that the simple ratio of the lengths from the fulcrum to the load attachment point and the fulcrum to the handle attachment point was all that was needed to describe its function and that this matched well enough the actual usage. If the ratio was say ten to one, then a downwards weight of one unit on the long arm would balance a weight of ten units on the short arm. Any slight excess or shortfall would then cause the balance to shift accordingly.

Archimedes was so inspired by this discovery that he exclaimed “Give me a lever long enough, and a fulcrum on which to place it, and I shall move the whole earth.”

And quietly waiting to be noticed is another ratio, the movements of each arm. It is the same as the ratio of the weights, but the other way around: a long movement of the long arm versus a small movement of the short arm. It is clear that the product of the distance moved and the weight moved that distance is the same on both sides of the fulcrum. That is, the light weight moves ten times the distance of the heavy weight which weighs ten times as much. In other words, something, measured by the product of weight and distance, is the same on both sides of the fulcrum.

Over the millenia, further experience was gained, especially with the use of ropes and pulleys. A simple pulley could allow a weight to be raised by pulling horizontally on the rope; what counts therefore is not the weight (which is always directed straight down) but the force, which can be redirected by a pulley or other linkage. And with the use of a block and tackle, the force can be multiplied, at the cost of having the movement reduced by the same ratio. Again, the product of force times the distance through which it moves is something special.

 This though is another idealisation. Actual users of block and tackle find that there is a loss of force with every additional wrap around the pulleys, however with good design of the blocks, and good lubrication of the bearings this can be reduced, thus it is regarded as a detraction from the ideal situation rather than a demonstration of the idealisation being invalid. The Admiralty Manual of Seamanship contains extensive advice on the likely behaviour of various arrangements of pulleys, ropes, weights and capstans.

Such analyses are essentially static: any movement is slow and the objective is to go from a static starting state to a static ending state. Movement was a puzzle. Some objects keep on moving without apparent cause while many others if started moving soon come to a stop and would only continue to  move if continuously impelled. Eventually, Galileo Galilei performed his famous demonstration of dropping a musket ball and a cannon ball from the leaning tower of Pisa in the presence of teachers and philosophers. As everyone knew from direct experience, a blow from some object such as a fist does more damage when fast-moving and clearly, a cannonball has a bigger impact than a musket ball so it must be travelling faster: the bigger the impact, the faster the motion, or so argued Aristotle. However, the dropped cannonball and musket ball struck the earth at the same time so they must have had the same speed, yet manifestly the impact of the cannonball was far greater. How to assess these factors? How for that matter to assess the historical record in which it seems that this story is an embellishment, the Pisa experiment first being performed by others after Galileo’s theories were expounded?

All was clarified by Sir Isaac Newton who provided a framework for analysing these issues (though he provoked his own historical disputes over primacy in the development of the calculus) and along with his three laws of motion, especially the formula

F = m.a

much becomes clear after a suitable course of study. In brief, objects are held to possess a property, mass, and if a force is applied to the object, its velocity will be altered at a rate (the acceleration) according to the formula. From considerations of the force applied and the distance through which it moves, the energy associated with the velocity of the object is given by

E = ½.m.v²

Further, we are sitting inside a gravitational field mysteriously produced by the entire mass of the Earth which has the effect that on every object there is a downwards force proportional to its mass,

F = m.g

In these formulæ  there is a supposition that the object’s attribute “mass”, whatever it is, that appears in F = m.a, is the same as the “mass” aspect that responds to a gravitational field. These notions are termed inertial mass and gravitational mass and the experiments first done by Baron Lóránd von Eötvös to check this equivalence have shown no difference to high precision (parts per thousand million), yet no-one has an explanation for why this is so nor what it means despite the most esoteric speculations.

But ignoring that detail, a framework is ready. Many terms can be defined and it all hangs together.

Gravity is measured as an acceleration; and although it varies slightly from place to place across the surface of Earth due to altitude, distance from the centre of the earth, latitude (related to Earth’s spin) and nearby density variations, it is taken as constant. For a mass free to move it changes velocity at the rate of 9·83 metres per second every second in the metric system and is given the units metres/second². In English, or “engineering” units, that is 32 feet/second². 

In the English system (as rationalised with these understandings), mass is not normally measured. Instead, the weight of an object is used and because the same gravity acts equally on all masses, the weight of a mass is proportional to its mass. Thus, the weight of an object, measured in pounds (or tons, ounces, grains, stones, hundredweights), is a force in this framework. On the rare occasions in which a mass value is needed, the weight (a force, measured on Earth) must be divided by the acceleration of gravity; pounds divided by 32 feet/second produces the mass, which unit is given the name slug. The slug-nature attribute of an object is intrinsic to the object, the weight aspect of that object depends on the strength of the gravitational field in which it is immersed. A spring balance measures weights and might be calibrated in pounds. Improperly it might be calibrated in kilograms and will only give the correct reading when in a gravitational field of the same strength as on the surface of Earth. A mass balance compares the weight of an object to the weight of standard objects via the effect of gravity on both. Neither will work in the absence of gravity.

If you hold a weight you are supporting its gravitational mass against the force of gravity and are feeling its weight. If you neither raise nor lower the object, you do no work against gravity. If you shake it from side to side (which means supplying a force to accelerate it from a standstill off to the left, then reversing the force to slow it and start it moving right, etc.) you are feeling its inertial mass that is resisting the sideways forces you are applying. If you have available a source of force independent of gravity (for instance the degree of flex of a spring) of known size then on applying that to an unknown mass and measuring the resulting acceleration you can determine the (inertial) mass of the object.

Energy is measured as work done, this being weight lifted through some distance, thus force times distance. There is no mention of abilities, the nature of the weight, the agency moving it, or where. Only the weight, and the distance raised or lowered counts. Lifting an object in the absence of gravity would mean that no work was done because the weight was zero, even though the mass of the object is unchanged, similarly, moving a weight horizontally requires no work against gravity (though some is needed to accelerate and decelerate the mass horizontally, plus overcome any friction; side issues), nor is any work done if the weight is neither lifted nor lowered.

 Energy therefore manifests in units of foot-pounds, or any other combination of weight and (vertical) motion measurements convenient for calculation; gravity is taken as supplying the standard vertical force. Power then is the rate of energy change, in units of foot-pounds/second or other similar if unlikely combinations such as ton-furlongs/fortnight.

When attempting to persuade industrialists to abandon their previous energy sources in favour of his infernal devices, James Watt found it useful to be able to compare the power output of a team of horses to his various sizes of steam engine. He found by measurement (of weights of coal hoisted) that the power output per horse as sustained over a working period averaged to 22,000 foot-pounds/minute, and then rated his engines in horsepowers of half as much again: 33,000 foot-pounds/minute or 550 foot-pounds/second or 884 foot-tons/hour. Thus, a working team of say six horses would be replaced by a supposedly equivalent six-horsepower steam engine and deliver pleasing performance. Coal to feed an over-large engine is presumably cheap at a coal mine.

In the metric system, mass is measured in kilograms and is intrinsic to the object irrespective of any local gravitational field. Thus on the Moon your kilogram measurement would be the same, but your weight would be one sixth and your feet relieved, because the gravitational pull is one sixth. Via F = m.a, force is measured in units of Kilogram-Metre/Second² and given the name Newtons, being the force requisite to accelerate a mass of one kilogram by one metre per second, every second. Energy is again defined to be force times distance, or Newton-Metres which rather oddly comes out to be mass multiplied by the square of velocity: units of Kilogram-Metre²/Second², a mouthful that is hidden by giving it the name Joule. Power is thus measured as Joules/Second and that unit is given the name Watt. Converting from feet to metres, etc. shows that one (steam) horsepower is 746 Watts while a horse horsepower would be 496 Watts.

The initial examples can now be re-assessed. In hoeing a row, energy is indeed expended on lifting and drawing the hoe, disturbing the ground and casting weeds aside as well as on moving about and bending one’s back, but the measure of production is not closely aligned with the energy used. In drawing the plough through the ground the oxen are certainly doing work against the friction of the plough with the ground and cutting lifting and turning the sod, with their power output well-matched to the size of plough, but other factors also affect the ability to do work. Likewise for the ox cart. The resistance to movement overcome by the patiently plodding oxen is held to be due to rolling resistance as the wheels deform the ground surface, plus friction in the axle bearings. Oxen will not deliver more than a certain pulling force, nor will they move faster than a certain pace, again issues controlling their ability to do work rather than our desire to profit thereby.

In the case of levers and weights, the analysis is simple. The energy required to hoist a weight w1 a height h1 at the short end of the lever is also the energy involved when a weight w2 descends a height h2; that is

w1h1 = w2h2

and the ratio of the lengths, heights and weights is

l1:l2 = h1:h2 = w2:w1 

That is, if the length ratio is 10:1, then the short end of the lever will hoist ten times the weight a tenth of the height the long end descends, except for effects of friction, crushing, and so forth.

For plummetting ordnance, the situation is simple. To accelerate an object of twice the mass at the same rate, twice the force is needed, but since the gravitational force is proportional to mass, it is supplied. Thus all objects accelerate at the same rate in a gravitational field, except for side issues such as air resistance that limits a less-dense and less-streamlined plummetting parachutist to about 120 miles per hour. It used to be thought that speed alone would be fatal, but one day a boy fell down a mine shaft and was clearly heard calling “Watch out below!” as he fell to his death.

So then, energy is defined. It means exactly and only an attribute measureable in terms of force times the distance through which that force moves its point of application, where force is defined  exactly and only as mass times acceleration, and acceleration is defined exactly and only in terms of distance and time. Mass time and distance are not themselves defined; they are existential. A metre was defined as one ten-millionth of the distance from the north pole to the equator (on a line running through Paris), a kilogram as the mass of one litre of pure water at its maximum density (which is near a temperature of four degrees Celcius) where a litre was defined from the metre as being the volume of a cube a tenth of a metre on a side, and for a second, there are 86,400 in an average day, another arbitrary choice...

 Current definitions are rather different though arranged to give the same result. A second is the time during which a certain oscillation of caesium-133 atoms completes 9,192,631,770 cycles. Distance is defined via time and the speed of light in a vacuum, but the mass of one kilogram is now defined by the platinum-iridium cylinder that is kept under a bell jar at Sèvres (near Paris), by the Bureau International des Poids et Mesures, rather than mess about with volumes and water.

“When I use a word,” Humpty Dumpty said, in a rather scornful tone, “it means just what I choose it to mean, neither more nor less.” 

“The question is,” said Alice, “whether you can make words mean so many different things.” 

“The question is,” said Humpty Dumpty, “which is to be master - that’s all.” 

 These and associated terms such as power are all used in the framework wherein they have been defined and retain their special meaning only so long as they are used correctly in that context. Nothing is said about any entity’s ability to do something or not. Energy is not a “stuff”, like beer, that is or is not in a bottle. It is an attribute which manifests in various ways.

 When a pendulum bob is momentarily stationary at the height of its swing it is supported in such a way that the force of gravity can start it swinging back rather than falling straight down. As it falls, work is done by gravity on the bob which gains speed and thereby kinetic energy to the amount corresponding to its fall in height. At the bottom of its swing it has exactly that kinetic energy which, working against gravity, will raise it back to the original height on the other side. A closer analysis notices that a pendulum eventually stops swinging: each swing is slightly less than the previous, unless some outside agency supplies energy by some means. Losses are due to friction with the air (thus pendulum bobs are usually streamlined), crunchings at the support pivot (which is perhaps a knife edge rocking on glass, or a carefully tapered flexible strip), and swayings induced in the support as the weight of the bob tugs in different directions. Such details are regarded as distractions from the main story.

Energy thus has sloshed from potential to kinetic and back again, but the pendulum did not change colour, expand, contact or otherwise show any sign of these transformations. Nor should it, as really, the energy is not an attribute of the object but of the circumstances in which it finds itself.

Suppose that a cannonball were suspended by a rope from the branch of a tree. There is clearly the potential for the cannonball to fall to the ground, converting potential energy (of the position of a mass in a force field: gravity) into kinetic energy which would be dissipated in the impact with the ground. Dissipated means that some energy is distributed via many different transformations: the ground is re-arranged, the impact creates a sound, etc. so that unlike a trampoline, the cannonball is not flung back up by the rebounding surface. Well enough, but suppose that a pit were to be dug below the cannonball. It would thus have the potential to fall much further and so might be said to possess more potential energy thereby, but the cannonball is unaffected by the presence or absence of a pit below it1. So, potential energy is not an attribute of the cannonball itself alone.

Similarly, suppose you ran at speed into the dangling cannonball. Much energy would be dissipated in the impact, just as if a speeding cannonball were to strike you as you stood in the battle line. In the second case, everyone would agree that it was the cannonball that had the kinetic energy and as you were bandaged the physicists around you would refer to Ernst Mach in arguments about the proper frame of reference from which to measure velocities. This turns out to be that of the centre of mass of the interacting objects, not that a wounded soldier particularly cares. So again, the kinetic energy of a speeding cannonball is not really possessed by the cannonball itself (and alone) any more than its speed is.

Energy then is an attribute of a particular arrangement as a whole, and the usefulness of the notion lies in the fact that (with careful accountancy) it is conserved no matter what transformations change one arrangement into another, and, following the accountancy gives a much better understanding of the processes and the possibilities. Thus, you replace a muddy track by a paved road or steel rails, and grease the axles of the vehicle.

“When I make a word do a lot of work like that,” said Humpty Dumpty, “I always pay it extra.” 

What is Electricity?

Resumed.

Electricity is electrical energy, typically transmitted via a conductor and used to operate electrical devices. Very well, what is “electrical” about?

Well, millenia ago, it was noticed that a piece of amber, if rubbed against a cloth as when polishing it, behaved oddly: dust and small items were attracted to the amber and more polishing was required. The ancient Greeks called amber elektron, whose warm golden glow reminded them of the sun, called elector. Much later, in 1600 William Gilbert wrote De Magnete Magneticisque Corporibus, and likened the effects of magnets on iron to amber on feathers using the word “electric” for the force between charged items. Charged items? There had been further experimentation with amber and other materials.

If you suspend a small, light ball, say of cork, with a silk thread and touch the ball with the rubbed amber, it will swing away from the amber. If however the cloth used to rub the amber is brought nearby, the cork will swing towards the cloth, until it touches, whereupon it swings away, and, the reverse sequence if you swap the usage of the cloth and the chunk of amber. Two such balls if treated the same way, would repel each other, or, if treated in opposite ways would attract each other. It seemed that there was some sort of essence where like essences repel, and unlike essences attract, and an object could be charged with one sort of essence or the other. But the whole process was puzzling, and often wouldn’t work when demonstrated to a visitor, though slowly it became clear that everything had to be clean and dry, including the experimenters. Odd.

Further experiments with a variety of materials showed that there was a sort of hierchary: human hands (clean and dry!), glass, human hair (clean and dry!), silk, amber. If an item early in the list is rubbed with an item later, the attractions and repulsions are the same way around. Thus, if a test ball is touched by a hand-rubbed piece of glass, then a piece of amber (rubbed on silk) is brought near, the ball will be repelled, and, these effects were less vigorous for items close together in the list. Further, it appeared that opposite essences cancelled each other out, as when two oppositely charged test balls touched each other and became neutral. Since hands are themselves active agents in these phenomena, the experimenter was often a confusing part of the experiment.

So, it appears that different substances have different affinities to “charge” and it was Benjamin Franklin who chose that the list was to be read from positive to negative, rather than vice versa. Via a kite flown during a thunderstorm he demonstrated that lightning also produced this charge stuff. Other experimenters in attempting to duplicate his result demonstrated that lightning produces lethal shocks.

 A larger list, with modern-day substances (all clean and dry!) added is

· Human hands (Positive)

· Rabbit Fur 

· Glass 

· Human Hair

· Nylon 

· Wool 

· Fur 

· Lead 

· Silk 

· Aluminium 

· Paper 

· Cotton 

· Steel (neutral) 

· Wood 

· Amber 

· Hard Rubber 

· Nickel, Copper 

· Brass, Silver 

· Gold, Platinum 

· Polyester 

· Styrene (Styrofoam) 

· Saran Wrap 

· Polyurethane 

· Polyethylene (like cellotape) 

· Polypropylene 

· Vinyl (PVC) 

· Silicon 

· Teflon (Negative) 

For metals such as aluminium, remember that the surface is actually covered by a layer of oxide.

Charles Augustin Coulomb showed that charge could be quantified, and that the force between two charged objects was proportional to the product of the quantities of charge divided by the square of the distance between them, as fascinating result because it is the same form as for the gravitational attraction between two masses.

Meanwhile, alchemists searching for the Philosopher’s Stone had died out and been replaced by chemists investigating puzzling phenomena such as that a piece of metal will react more vigorously in acid if first rubbed by a dissimilar metal, or, if two metals are present in the same acid bath the reaction will increase its pace if they are brought into contact, perhaps even if this contact is mediated by yet a third piece of metal not itself in the acid. Wierd. Nowadays, we would describe the two metals as being wired together.

Inspired by Luigi Galvani’s experiments involving the muscles of recently-deceased animals, it was Count Allesandro Giuseppe Antonio Anastasio Volta who devised the “voltaic pile”, which simplified the bowls of acid into a pile or stack of many discs of two alternating metals separated by cardboard discs that had been soaked in salt water: for instance, copper – card – zinc – card – copper – card – etc. - zinc. If now a wire were led from the top disc to the bottom, “completing the circuit”, many new phenomena manifested. The wire might become warm (if it was particularly thin), sparks could be seen as the circuit was completed, and if the wire was cut and the ends dipped into for example a salt solution, there were more surprises: thus was reborn electrochemistry. Reborn, because in Baghdad in 230BC clay jars containing copper sheets had been used to electroplate base metals with gold or silver: debasing the coinage is an old art, now rendered pointless because modern currencies are entirely debased; they have fiat value only.

 But despite the provocative similarity of the sparks to those of lightning and static electricity, a voltaic pile’s effect did not deflect a pith ball nor did a generator of static electricity produce electrochemical effects.

In April 1820 Hans Christian Ørsted was presenting a demonstration at his home to students and friends, of magnetism, and of the new phenomenon of electrical heating of a wire via a Voltaic current. When he connected the wire he was surprised to see the nearby compass needle twitch! Remaining calm, he completed the demonstrations without mentioning this, nor had the other observers noticed. Further investigation showed that unlike with electric charges, the compass needle was neither attracted nor repelled to the wire but instead moved to be perpendicular to the wire.

André-Marie Ampère in his demonstration attempted to repeat the result, but the needle wouldn’t budge, so he poked it with his finger. Realising what he had just done he stopped, and started afresh: “Ah, this time it moves of itself!”

 In further experiments, it became clear that two parallel current-carrying wires would attract each other, or repel if the current directions were opposite, with a force per unit length proportional to the product of the size of the two currents divided by the distance between them.

 So then, a Voltaic current could produce a magnetic field as well as chemical effects. Michael Faraday introduced such terms as electrode, electrolyte, cathode, cation, anode, anion, in his investigations into the “wet” side . As for the “dry” side, in 1821 the Quarterly Journal of Science published his “On Some New Electromagnetic Motions” in which it is reported that just as an electrical current influences a magnetic field, so also does a magnetic field influence an electrical current. That is, if a wire is moved through a magnetic field (or equivalently, a magnetic field is moved through a wire) an electrical current will flow in the wire loop.

In other words, an electrical generator is possible, producing electrical current via mechanical motion, just as static generators produced static electricity via mechanical motion. Both were much more convenient than messing about with chemicals or chunks of amber and fur, especially for when larger amounts were wanted.

James Clerk Maxwell produced a unified theory of all these phenomena via his famous four equations. The basic idea is that there is an attribute “electric charge” which produces an electric field that mediates the attraction or repulsion between charges, and, the motion of such electric charge is an electric current that produces a magnetic field, and, changing magnetic fields induce electric currents. As for the many strange phenomena, they can be explained: static electricity is where a (small) amount of charge is placed on a surface which does not conduct it away. Unclean surfaces have conductive paths. The discharge of static electricity involves only a amall amount of charge which flows for a very short time, thus magnetic effects are unlikely to be noticed. 

The earlier work of  Georg Simon Ohm had interrelated the magnitude of an electric current to the height of the Voltaic pile and a property of the wire forming the circuit, its resistance, in

E = I.R

That is, there is an “electromotive force” E related to the number of layers in the Voltaic pile (and the metals and chemicals used, and their freshness) that is applied across a test item, the current I that flows through the test item, and the resistance R to that flow presented by the test item: - a long stretch of narrow wire, different types of wire, etc. This is often likened to water flowing through a pipe: there is a certain pressure driving the flow against the resistance to that flow offered by the pipe, which resistance is proportional to factors such as the length of the pipe and its cross-sectional area. Long narrow pipes have high resistance, as gardeners soon find.

With the aid of a firm theoretical background, these factors are measured in such a way that a current of one ampere flowing through a resistance of one ohm will require an electromotive force of one volt, and in doing so,  energy will be consumed at the rate of one joule per second, which is one watt. That is, 

Power = Volts.Amps

And of course, various re-arrangements are possible via Volts = Amps.Ohms.

Power delivered via electrical means is measured in watts (or milliwatts, or Kilowatts, etc.) just as any power can be (as of a car engine, traditionally measured in horsepower), and electrical energy is measured in joules (or millijoules, Kilojoules, etc.) just as any energy can be. And since one joule is one watt-second (or two watts for half a second, etc.) energy delivered by electrical means can be measured in watt-seconds (or milliwatt-seconds or Kilowatt-seconds,  etc.) but since time is also measured in minutes, hours, days, weeks, fortnights, years, etc, appropriate factors can be used for those as well. Since there are 8,760
 hours in a year a power of one watt constantly running throughout a year would deliver 31,536,000 joules (watt-seconds), the proper SI unit, or 8,760 watt-hours, or 8·76 Kilowatt-hours. Which is the same amount of energy as would be delivered at a rate of  8·76 Kilowatts running for one hour only, or  17·52 Kilowatts for half an hour, or 31·536 Megawatts running for just one second: mutatis mutandis for still other ratios.

So, what is electricity?

The word appears in all sorts of contexts, and is often used incoherently.

 But here is one usage: to “use electricity” means that some device requires energy to perform its function, and that this energy is supplied via a chain of interactions mediated by electrical forces, all the way from the power station, or perhaps a battery where energy is supplied via chemical reactions, or perhaps a solar cell where the photons of incoming light deliver up their energy to knock electrons about.

At the power station, a mass of fluid (hot gas, steam, water) is rushing past the blades of a turbine, pushing it because its motion is being deflected: a mass (of steam, etc) is having its velocity changed, which requires a force. This push is transmitted via the axle to an assemblage of magnets that is being moved near a wire, thereby inducing an electrical current in that wire. That flow of current through a long circuit (all the way out to you and back, though with transformers complicating the details) is however impeded by the resistance of the device you have connected: a thin wire being heated (a light bulb), or an electrical motor (in which the flow of current meets magnetic fields such that the motor’s rotor would turn faster, were it not for the obstruction to such motion caused by the cake mix in the mixer’s bowl, the air being impelled by the blades of the fan, etc.), or to operate some electronic device whose purpose is to move the cone of a loudspeaker, which movement is impeded by the air surrounding it, which carries away pressure waves, and to form pressure waves in previously still air requires energy.

In the absence of such load, the force from the turbine would not be opposed and so the turbine would spin faster (converting the energy from the passing fluid into the kinetic energy of the rotating turbine and generator mass) until a control device acts to reduce the fluid flow or else it disassembles.

The whole point of this fantastic complexity is that energy, mediated by electrical processes is easily controlled (a flick of a switch), very concentrated, and usable for many different processes.

Electricity then is what comes forth from a wall socket when you flick a switch and it runs along wires that conduct electricity to supply power to some device: energy supplied via electrical forces.

George Johnstone Stoney in 1891 proposed the term “electron” for the fundamental unit of electrical charge, based on the chemical analysis of electrolysis via the notion of atoms.

�	Apologies to James.


1	Nitpickers would mutter about the mass of earth removed in digging the pit having a (tiny) gravitational effect.


�	8,784 in a leap year.





