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			Editor’s Introduction

			Sadi Carnot was twenty-eight when this short book came out in Paris in June 1824, printed at his own expense. He was an army engineer on leave, a graduate of the École polytechnique, and the son of Lazare Carnot, the mathematician who had organized the armies of the Revolution and had himself written on the theory of machines. The steam engine was by then pumping the mines of Cornwall and driving the mills of Lancashire, and it had been built almost entirely by practical men. Carnot asked a question none of them had put in general form: is there a limit to the work you can get out of heat, and if so, what sets it?

			His answer is the book. A heat engine, he argues, works the way a water wheel does. Water does work by falling from a height to a lower level; heat does work by passing from a hot body to a cold one, and you need the cold as much as the hot. The work you can get depends on how far the heat falls, not on whether the engine runs on steam, air or alcohol vapor. To prove it he invents an ideal engine that runs through a closed cycle of expansions and compressions, and that can be run backward, and shows that an engine better than this one would let you build a perpetual motion machine. The cycle, drawn here as a cylinder and piston in his own figures, is still taught as the Carnot cycle.

			Carnot reasoned in the caloric theory, in which heat is a fluid that is conserved, and that is how this edition gives it: as his theory, stated without apology. It was wrong in one essential point. In the 1840s James Joule showed that heat is used up in doing work, and in 1850 Rudolf Clausius rebuilt Carnot’s argument on that footing. The result was the second law of thermodynamics. William Thomson, later Lord Kelvin, had already used Carnot’s principle in 1848 to define an absolute scale of temperature. What survived intact is the heart of the book: the best possible efficiency of any engine is fixed by the temperatures it works between, and by nothing else.

			Almost nobody read it at the time. Émile Clapeyron restated the argument with graphs in 1834, and it was through Clapeyron that Thomson and Clausius found it. Carnot himself died of cholera in August 1832, at thirty-six. Notes left among his papers show he had come to doubt caloric before he died.

			This translation is made from the 1824 first edition, using the French Wikisource transcription checked against a scan of the printing. It keeps every number and calculation, Carnot’s metric units, and all thirty-one of his notes. Carnot’s essay runs on without a single heading, so the section headings are the editor’s. A few notes by the translator explain where later physics changed his terms. Two errors in the transcription and four slips in the original printing, letters and numbers, have been corrected against the scan and his own reasoning. His figures are reproduced from public-domain vector tracings of the 1824 plate.

			On the cover. Drawn for this edition, in the manner of the Dover science paperbacks of the 1950s and 60s, from Carnot’s own first figure. A cylinder of air, a piston, and the dotted lines where the piston stops at each stage of his cycle: the air is pressed against the furnace and expands, left to expand further and cool, pressed against the cold and squeezed, then squeezed further until it is hot again. Run forward, the cycle turns the fall of heat into work; run backward, it turns work into a pumping of heat from cold to hot. Carnot shows that no engine can do better.

		
	
		
			Reflections on the Motive Power of Fire

		
	
		
			Why Heat Engines Matter

			Everyone knows that heat can cause motion, and that it even has great motive power: the steam engines that are everywhere now prove it to anyone with eyes.

			Heat is behind the great movements we see on the earth: it stirs the atmosphere, lifts the clouds, brings down the rain and the rest of the weather, and drives the streams that cut across the face of the globe, a small share of which we have learned to put to use. Earthquakes and volcanic eruptions, finally, have heat as their cause too.

			From this immense reservoir we can draw the moving force we need. Nature has scattered fuel everywhere, and so given us the means of making heat, and the motive power that follows from it, at any time and in any place. To develop that power and put it to our use is what heat engines are for.

			The study of these engines is of the highest interest. Their importance is immense and their use grows every day. They seem destined to bring about a great revolution in the civilized world. Already the heat engine works our mines, moves our ships, dredges our harbors and rivers, forges iron, shapes timber, grinds grain, spins and weaves our cloth, and hauls the heaviest loads. It looks set to become, one day, the universal motor, preferred to the strength of animals, to waterfalls and to the wind. Over animals it has the advantage of economy; over the other two it has the priceless advantage of working at all times and in all places, and never stopping.

			If the heat engine is someday improved enough to be cheap to build and cheap to fuel, it will combine every quality one could wish for, and it will give the industrial arts a lift whose full extent would be hard to foresee.

			For a powerful, convenient motor that can be had or carried anywhere doesn’t merely replace the motors already in use. It makes the arts it touches grow fast, and it can even create entirely new ones.

			The greatest service the heat engine has done England is beyond question the revival of its coal mines, whose working had become sluggish and threatened to die out altogether because pumping them dry and hauling out the fuel got harder every year.1 Second place goes to what it has done for iron making: by the coal it supplied in abundance, taking the place of wood just as wood was beginning to run out, and by the powerful machines of every kind whose use the heat engine made possible or easier.

			Iron and fire, as everyone knows, are the food and support of the mechanical arts. There may not be a single industrial establishment in England whose existence doesn’t rest on these two agents, or that doesn’t use them lavishly. Take away England’s steam engines today and you would take away its coal and its iron at one stroke. You would dry up every source of its wealth, ruin every means of its prosperity, and destroy that colossal power. Losing its navy, which it regards as its firmest support, might hurt it less.

			Safe and rapid navigation by steamship can be counted an entirely new art, and it is owed to the heat engine. It has already made possible quick, regular crossings of the narrow seas and voyages on the great rivers of the Old World and the New. It has opened regions still wild, where until lately one could barely set foot, and carried the fruits of civilization to places on the globe that would otherwise have waited for them many more years. Navigation by heat engine brings the most distant nations closer together. It tends to unite the peoples of the earth as though they all lived in a single country. To cut the time, the fatigue, the uncertainty and the danger of a journey is surely to shorten the distance a great deal.2

			The heat engine, like most human inventions, began as crude, half-formed trials, credited to various people, and no one quite knows who really came first. The main discovery, though, lies less in those first trials than in the run of improvements that brought heat engines to where we see them today. There’s about as much distance between the first devices that put the expansive force of steam to work and the engines of today as there is between the first raft men ever lashed together and a ship of the line.

			If the honor of a discovery belongs to the nation where it grew to its full development, that honor can’t be denied to England here. Savery, Newcomen, Smeaton, the famous Watt, Woolf, Trevithick and a few other English engineers are the true creators of the heat engine. It went through every stage of its improvement in their hands. It’s natural, after all, for an invention to be born, and above all to grow and be perfected, where the need for it is felt most urgently.

			Yet for all the work of every kind that has gone into heat engines, and for all the satisfactory state they have reached, their theory has hardly advanced, and attempts to improve them are still steered almost by chance.

		
	
		
			Heat Must Fall from Hot to Cold

			People have often asked whether the motive power3 of heat is limited or boundless: whether the possible improvements to heat engines have an assignable limit, a limit that the nature of things forbids anyone to pass by any means at all, or whether they can go on without end. People have also long asked, and still ask today, whether there might be agents better than steam for developing the motive power of fire, and whether atmospheric air, for example, might not offer great advantages in this respect. We propose to give these questions careful examination here.4

			The production of motion by heat hasn’t been looked at from a general enough point of view. It has been considered only in engines whose nature and way of working kept it from reaching its full scope. In such engines the phenomenon is cut short, incomplete, so to speak, and it becomes hard to see its principles and study its laws.

			To grasp the production of motion by heat in all its generality, we have to think of it apart from any mechanism and any particular agent. We have to set up arguments that apply not just to steam engines5 but to every heat engine imaginable, whatever substance it puts to work and however it acts on that substance.

			Machines that don’t get their motion from heat, those driven by the strength of men or animals, by a fall of water, by a current of air and so on, can be studied down to their smallest details by the theory of mechanics. Every case is foreseen; every conceivable motion is subject to general principles that are firmly established and hold in every circumstance. That’s the mark of a complete theory. Heat engines plainly have no such theory, and we won’t have one until the laws of physics are broad and general enough to tell us in advance every effect of heat acting in a given way on any body whatever.

			In what follows we assume at least a passing acquaintance with the parts of an ordinary steam engine. We see no need, then, to explain what a furnace, a boiler, a steam cylinder, a piston or a condenser is.

			The production of motion in steam engines always comes with one circumstance that deserves our attention: the restoring of equilibrium in caloric, that is, its passage from a body at a higher temperature to one at a lower. What actually happens in a steam engine at work? The caloric released in the furnace by the burning of the fuel passes through the walls of the boiler and makes steam, becoming part of it, so to speak. The steam carries it along, first into the cylinder, where it does some job or other, and from there into the condenser, where the steam turns back into liquid on meeting the cold water there. In the end, then, the cold water of the condenser takes up the caloric released by the burning. It is warmed through the steam just as if it had been set straight on the furnace. The steam is only a means of carrying caloric; it does the same job as in heating baths with steam, except that here its motion is put to use.

			In the operations we’ve just described it’s easy to recognize the restoring of equilibrium in caloric, its passage from a more or less heated body to a colder one. The first body here is the burnt air of the furnace; the second is the condensing water. The equilibrium of caloric is restored between them, if not completely, at least in part. On one side, the burnt air, having done its job and wrapped around the boiler, escapes up the chimney at a temperature far below what the burning gave it. On the other, the water of the condenser, having turned the steam back into liquid, leaves the engine warmer than it came in.

			The production of motive power in steam engines is due, therefore, not to an actual consumption of caloric, but to its transport from a hot body to a cold body, that is, to the restoring of its equilibrium, an equilibrium assumed to have been upset by some cause or other: by a chemical action such as burning, or by anything else. We’ll soon see that this principle applies to every engine driven by heat.6

			By this principle, making heat isn’t enough to produce motive power. You must also have cold; without it the heat would be useless. And indeed, if everything around us were as hot as our furnaces, how would we condense the steam? Where would we put it once it had been made? It won’t do to think we could throw it out into the atmosphere, as some engines do.7 The atmosphere wouldn’t take it. It takes it now only because it serves the steam as a vast condenser, because it is colder. Otherwise it would soon be full of steam, or rather it would be saturated with it already.8

			Wherever there’s a difference of temperature, wherever caloric can return to equilibrium, motive power can also be produced. Steam is one way of realizing that power, but not the only one: every body in nature can serve. All of them change volume, contracting and expanding by turns as they are heated and cooled, and all of them can overcome some resistance as they change volume and so develop motive power. A solid body, a metal bar for instance, heated and cooled by turns, grows longer and shorter and can move bodies fixed to its ends. A liquid heated and cooled by turns swells and shrinks and can overcome obstacles, great or small, set against its expansion. A gas changes volume enormously with temperature: shut it in a chamber that can enlarge, such as a cylinder fitted with a piston, and it will produce motions of great extent. The vapors of all the bodies that can be turned into gas, alcohol, mercury, sulfur and so on, could do the same job as steam. Steam itself, heated and cooled by turns, would produce motive power the way the permanent gases do (the gases no one has yet managed to liquefy), without ever going back to the liquid state. Most of these means have been proposed, and several have even been tried, though so far without notable success.

			We’ve shown that in steam engines motive power comes from a restoring of equilibrium in caloric. This holds not only for steam engines but for every heat engine, that is, every engine whose motor is caloric. Heat can plainly be a cause of motion only through the changes of volume or shape it makes bodies undergo, and those changes don’t come from a steady temperature but from alternations of heat and cold. Now, to heat any substance you need a body hotter than it, and to cool it you need a body colder. Caloric is necessarily taken from the first body and passed to the second by way of the substance in between. That’s restoring the equilibrium of caloric, or at least working to restore it.

			A question at once curious and important comes up naturally here. Is the motive power of heat fixed in amount, or does it vary with the agent used to realize it, the intermediate substance chosen for heat to act on?

			Clearly the question only makes sense for a given quantity of caloric9 and a given difference of temperature. Say we have a body A kept at 100° and another body B kept at 0°, and we ask how much motive power can arise from carrying a given portion of caloric (for example, the amount needed to melt a kilogram of ice) from the first body to the second. We ask whether that amount of motive power is necessarily limited; whether it varies with the substance used to realize it; whether steam does better or worse in this respect than the vapor of alcohol or mercury, than a permanent gas, or than any other substance.

			We’ll try to answer these questions with the ideas already set out.

		
	
		
			The Greatest Possible Power

			We noted above a fact that is self-evident, or at least becomes obvious as soon as one thinks about the changes of volume heat brings about: wherever there is a difference of temperature, motive power can be produced. Conversely, wherever motive power can be spent, it is possible to create a difference of temperature, to upset the equilibrium of caloric. Don’t striking and rubbing raise a body’s temperature, make it climb on its own above that of the bodies around it, and so upset the equilibrium of caloric where it existed before? It’s a fact of experience that the temperature of a gas rises when it is compressed and falls when it expands. Here is a sure way of changing the temperature of bodies and upsetting the equilibrium of caloric as many times as we like with the same substance. Steam, used the other way round from the way it is used in steam engines, can also be regarded as a means of upsetting the equilibrium of caloric. To see this, one need only think carefully about how motive power is developed by the action of heat on steam. Picture two bodies A and B, each kept at a constant temperature, A’s higher than B’s. These two bodies, which can give up or take in heat without changing temperature, will act as two unlimited reservoirs of caloric. We’ll call the first the furnace and the second the cooler.

			If we want to produce motive power by carrying a certain quantity of heat from body A to body B, we can go about it as follows.

			1. Take caloric from body A to make steam; that is, make this body do the job of the furnace, or rather of the metal of the boiler in ordinary engines. We’ll assume here that the steam is formed at the very temperature of body A.

			2. With the steam taken into a chamber that can enlarge, such as a cylinder with a piston, enlarge the chamber and so the steam with it. Expanded in this way, the steam will drop in temperature of its own accord, as all elastic fluids (gases and vapors) do. Let the expansion be carried on until its temperature becomes exactly that of body B.

			3. Condense the steam by putting it in contact with body B while pressing on it with a constant pressure, until it has turned entirely to liquid. Body B plays the part here of the injection water in ordinary engines, with this difference: it condenses the steam without mixing with it and without changing temperature itself.10

			The operations we’ve just described could have been carried out the other way round and in reverse order. Nothing prevented us from making steam with the caloric of body B, at that body’s temperature; compressing it until it reached the temperature of body A; and finally condensing it in contact with that body, keeping up the compression until it had turned entirely to liquid.

			In our first operations there was both a production of motive power and a transfer of caloric from body A to body B; in the reverse operations there is both an expenditure of motive power and a return of caloric from body B to body A. But if the same quantity of steam was worked on both times, and if no motive power and no caloric was lost along the way, the amount of motive power produced in the first case will equal the amount spent in the second, and the quantity of caloric that passed from A to B in the first case will equal the quantity that passes back from B to A in the second. One could then run any number of such operations, forward and back, without on balance producing any motive power or moving any caloric from one body to the other.

			Now suppose there were better ways of using heat than the ones we’ve used: suppose it were possible, by any method whatever, to make caloric produce more motive power than we got from our first series of operations. Then it would be enough to divert part of that power to send the caloric back up from body B to body A, from the cooler to the furnace, by the method just described; things would be back where they started, and we could begin an operation exactly like the first, and so on forever. That would be not just perpetual motion but an unlimited creation of motive force, with no consumption of caloric or of any other agent whatever. Such a creation runs entirely against every idea accepted so far, against the laws of mechanics and of sound physics; it is inadmissible.11 We must conclude, then, that the maximum of motive power obtainable from steam is also the maximum of motive power obtainable by any means whatever. We’ll soon give a second and more rigorous proof of this theorem; this one should be taken only as a sketch. (See the second demonstration, below.)

			We may fairly be asked, about the proposition just stated: what does the word maximum mean here? By what sign will we know that this maximum has been reached? By what sign will we know whether steam is being used to the best possible advantage in producing motive power?

			Since any restoring of equilibrium in caloric can be the cause of motive power, any restoring of equilibrium that happens without producing that power must be counted a real loss. Now, a little thought shows that any change of temperature not due to a change in the volume of bodies can only be a useless restoring of equilibrium in caloric.12 The necessary condition of the maximum is, then, that there be no change of temperature in the bodies used to realize the motive power of heat that isn’t due to a change of volume. Conversely, whenever this condition is met, the maximum will be reached.

			This principle must never be lost sight of in building heat engines; it is their very foundation. If it can’t be observed exactly, it should at least be departed from as little as possible.

			Any change of temperature that isn’t due to a change of volume or to a chemical action (which for now we assume doesn’t occur) is necessarily due to caloric passing directly from a more or less heated body to a colder one. This passage happens mainly where bodies of different temperatures touch, so such contact must be avoided as far as possible. It can’t be avoided entirely, of course, but we should at least see to it that bodies brought into contact differ little in temperature.

			When we supposed just now, in our proof, that the caloric of body A was used to make steam, that steam was taken to be formed at the very temperature of body A. Contact therefore happened only between bodies of equal temperature. The change of temperature the steam then underwent was due to its expansion, and so to a change of volume. Finally, the condensation also took place without contact between bodies of different temperatures: it was done by pressing with a constant pressure on the steam while it was in contact with body B, at the same temperature as itself. The conditions of the maximum were therefore met. Things can’t, it’s true, happen exactly as we supposed. To make caloric pass from one body to another, the first must be somewhat hotter. But that excess can be supposed as small as we like. In theory we can treat it as zero without our reasoning losing any of its exactness.

			A more serious objection can be raised against our proof, as follows.

			When we take caloric from body A to make steam, and that steam is then condensed by contact with body B, the water used to make it, which we took to start at the temperature of body A, ends the operation at the temperature of body B. It has cooled. If we want to start an operation like the first one again, to develop a new quantity of motive power with the same instrument, the same steam, we must first put things back as they were and give the water back its original temperature. That can be done, no doubt, by putting it straight back in contact with body A. But then bodies of different temperatures are touching, and motive power is lost.13 It would become impossible to carry out the reverse operation, that is, to send back to body A the caloric used to raise the temperature of the liquid.

			The difficulty can be removed by supposing the difference of temperature between body A and body B to be infinitely small. The quantity of heat needed to bring the liquid back to its first temperature will then also be infinitely small, and negligible beside the quantity needed to make the steam, which is always finite.

			Once the proposition is proved for the case where the temperatures of the two bodies differ by an infinitely small amount, it is easily extended to the general case. Suppose we wanted to produce motive power by carrying caloric from body A to a body Z whose temperature is very different from that of A. We would imagine a series of bodies B, C, D and so on, at temperatures between those of A and Z and chosen so that the differences from A to B, from B to C and so on are all infinitely small. The caloric leaving A would reach Z only after passing through B, C, D and the rest, developing the maximum of motive power at each step. The reverse operations would all be possible here, and the argument we gave above against a better engine would apply with full rigor.

			With the ideas set out so far, we can compare the motive power of heat, quite fairly, to that of a waterfall: each has a maximum that can’t be exceeded, whatever machine is used to receive the action of the water, and whatever substance is used to receive the action of the heat. The motive power of a waterfall depends on its height and on the quantity of water. The motive power of heat depends likewise on the quantity of caloric used, and on what might be called, and what we’ll in fact call, the height of its fall,14 that is, the difference of temperature between the bodies that exchange the caloric. In the waterfall, the motive power is strictly proportional to the difference in level between the upper and lower reservoirs. In the fall of caloric, the motive power no doubt grows with the difference of temperature between the hot body and the cold one, but we don’t know whether it is proportional to that difference. We don’t know, for example, whether caloric falling from 100° to 50° gives more motive power or less than the same caloric falling from 50° to 0°. That’s a question we propose to examine later.

		
	
		
			A Second Proof, with Air

			We’ll now give a second proof of the fundamental proposition stated earlier, that steam’s maximum is the maximum for every means, and present it in a more general form than we did above.

			When a gas is suddenly compressed, its temperature rises; when it is suddenly expanded, its temperature falls. This is one of the best established facts of experience, and we’ll take it as the basis of our proof.15

			If a gas has been warmed by compression and we want to bring it back to its original temperature without changing its volume again, we must take caloric out of it. This caloric could also be taken out as fast as the compression proceeds, so that the temperature of the gas stays constant. In the same way, if the gas is expanded, we can keep its temperature from falling by supplying it with a certain quantity of caloric. We’ll call the caloric used on these occasions, when no change of temperature takes place, caloric due to change of volume. The name doesn’t mean that the caloric belongs to the volume; it belongs to the volume no more than to the pressure, and could just as well be called caloric due to change of pressure. We don’t know what laws it follows as the volume varies: its quantity may change with the nature of the gas, with its density, or with its temperature. Experience has taught us nothing on this point; it has taught us only that this caloric is released, in greater or smaller quantity, when elastic fluids are compressed.
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					Figure 1﻿—A tall upright cylinder with base ab and a piston cd on a rod; dotted lines mark the other piston positions used in the cycle, gh and ef above it and ik below. Beside it stand body A and body B, drawn as two angled blocks that can be set against the cylinder’s wall.

				
			
			With this preliminary idea in place, imagine an elastic fluid, atmospheric air for example, shut in a cylindrical vessel abcd (Figure 1), fitted with a movable partition or piston cd. Let there also be the two bodies A and B, each kept at a constant temperature, A’s higher than B’s. Now picture the following series of operations.

			1. Body A touches the air shut in the chamber abcd, or the wall of the chamber, which we’ll suppose lets caloric through easily. Through this contact the air takes on the very temperature of body A. The piston is now at cd.

			2. The piston rises gradually and comes to the position ef. Body A stays in contact with the air, which is thus kept at a constant temperature while it expands. Body A supplies the caloric needed to keep the temperature constant.

			3. Body A is taken away, and the air is no longer in contact with any body that could supply it with caloric. The piston keeps moving, however, and passes from ef to gh. The air expands without receiving caloric, and its temperature falls. Imagine it falling in this way until it equals that of body B. At that moment the piston stops, at gh.

			4. The air is put in contact with body B and compressed by the return of the piston, which is brought back from gh to cd. The air nonetheless stays at a constant temperature, because it is in contact with body B, to which it gives up its caloric.

			5. Body B is removed and the compression of the air is continued. Now isolated, the air rises in temperature. The compression goes on until the air has reached the temperature of body A. Meanwhile the piston passes from cd to ik.

			6. The air is put back in contact with body A, and the piston returns from ik to ef. The temperature stays the same.

			7. The stage described under 3 comes round again, then stages 4, 5, 6, 3, 4, 5, 6, 3, 4, 5, and so on.

			Through all these operations the air shut in the cylinder pushes on the piston with a greater or lesser force. Its elastic force varies, both with the changes of volume and with the changes of temperature. But notice that at equal volumes, that is, for the same positions of the piston, the temperature is higher during the expansions than during the compressions. During the expansions, then, the elastic force of the air is greater, and so the motive power produced by the expansions is larger than the motive power used up in producing the compressions. We thus obtain a surplus of motive power, which we can put to any use we like. The air has served us as a heat engine; we have even used it in the most advantageous way possible, for there has been no useless restoring of equilibrium in caloric.

			All the operations described above can be carried out the other way round and in reverse order. Imagine that after the sixth stage, with the piston at ef, we bring it back to ik while keeping the air in contact with body A. The caloric that body supplied during the sixth stage will go back to its source, body A, and things will be as they were at the end of the fifth stage. If we now take body A away and move the piston from ik to cd, the temperature of the air will fall by as many degrees as it rose during the fifth stage, and become that of body B. We can clearly carry on a whole series of operations that reverse the ones we first described. We need only put ourselves in the same circumstances and, at each stage, expand where we compressed and compress where we expanded.

			The first operations had produced a certain quantity of motive power and carried caloric from body A to body B; the reverse operations use up the motive power produced and bring the caloric back from body B to body A, so that the two series of operations cancel each other out, neutralize each other, so to speak.

			It’s now easy to prove that caloric can’t be made to produce more motive power than we got from it by our first series of operations. The proof runs exactly like the one we used before, where a better engine joined to a reversed one gave perpetual motion. Here the reasoning is even a degree more exact: the air we use to develop the motive power is brought back, at the end of each cycle of operations, to precisely the state it started in, whereas, as we remarked, that wasn’t quite so for the steam.16

			We chose atmospheric air as the instrument for developing the motive power of heat. But the reasoning would plainly have been the same for any other gaseous substance, and indeed for any other body whose temperature can change through successive contractions and expansions, which takes in every body in nature, or at least every body fit to realize the motive power of heat. This brings us to the following general proposition:

			
				The motive power of heat is independent of the agents used to realize it; its quantity is fixed solely by the temperatures of the bodies between which, in the end, the transfer of caloric is made.
				
					17
				
			

			It must be understood here that each method of developing motive power reaches the perfection it is capable of. This condition will be met if, as we remarked above, no change of temperature takes place in the bodies that isn’t due to a change of volume, or, which is the same thing put another way, if bodies at noticeably different temperatures never touch.

			The different methods of realizing motive power may lie either in using different substances or in using the same substance in two different states: for example, a gas at two different densities.

		
	
		
			What Follows for Gases

			This leads us naturally to some interesting inquiries into gases, inquiries that will also bring us to new results on the motive power of heat and give us the means of checking the fundamental proposition above in some particular cases.18

			It’s easy to see that our proof would have been simpler had we supposed the temperatures of bodies A and B to differ very little. The piston’s movements during stages 3 and 5 would then have been very short, and those stages could have been left out without any noticeable effect on the production of motive power. A very small change of volume must indeed be enough to produce a very small change of temperature, and that small change of volume is negligible beside the changes in stages 4 and 6, whose extent is unlimited.

			If we leave stages 3 and 5 out of the series of operations described above, it comes down to the following.
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					Figures 2 and 3﻿—Two upright cylinders of the same height but different widths, abcd on the left and the wider a′b′c′d′ on the right, each with a piston on a rod at cd and c′d′. Dotted lines join the two pistons and the two raised positions ef and e′f′, which stand at the same heights in both.

				
			
			1. The gas shut in abcd (Figure 2) is in contact with body A; the piston passes from cd to ef.

			2. Body A is taken away, the gas shut in abef is put in contact with body B, and the piston returns from ef to cd.

			3. Body B is taken away, the gas is put in contact with body A, and the piston passes from cd to ef; that is, the first stage comes round again, and so on.

			The motive power resulting from operations 1 and 2 together will plainly be the difference between the power produced by the expansion of the gas while it is at the temperature of body A and the power used up in compressing it while it is at the temperature of body B.

			Suppose operations 1 and 2 are carried out on two gases of different chemical natures, but taken at the same pressure, atmospheric pressure, for example: the two gases will behave exactly alike in the same circumstances; that is, their expansive forces, equal to begin with, will stay equal whatever the changes of volume and temperature, provided the changes are the same for both. This follows directly from the laws of Mariotte (Boyle’s law, to English readers) and of Gay-Lussac and Dalton, which hold for all elastic fluids and by which the same relations hold for all of them between volume, expansive force and temperature.

			Since two different gases, taken at the same temperature and the same pressure, must behave alike in the same circumstances, if both are put through the operations described above they must give rise to equal quantities of motive power. Now by the fundamental proposition we have established, that means using two equal quantities of caloric: it means that the quantity of caloric passed from body A to body B is the same whichever gas we work on.

			The quantity of caloric passed from body A to body B is simply the quantity the gas absorbs as it expands, or the quantity it then gives up on compression. We arrive, then, at this proposition:

			
				When a gas passes, without changing temperature, from a given volume and pressure to another given volume and pressure, the quantity of caloric it absorbs or gives up is always the same, whatever the nature of the gas chosen for the experiment.
			

			Take, for example, a liter of air at 100° and at a pressure of one atmosphere. If we double the volume of this air and want to keep it at 100°, we must supply it with a certain quantity of heat. That quantity will be exactly the same if, instead of air, we work on carbon dioxide, nitrogen, hydrogen, or the vapor of water or alcohol: that is, if we double the volume of a liter of any of these gases taken at 100° and at atmospheric pressure.

			The same would hold in reverse if, instead of doubling the volume of the gases, we halved it by compression.

			The quantity of heat that elastic fluids release or absorb when their volume changes has never been measured by any direct experiment, and such an experiment would no doubt be very difficult. But there’s a datum that serves us nearly as well: it comes from the theory of sound, and it deserves a good deal of confidence because of the rigor of the reasoning by which it was established. Here it is:

			
				Atmospheric air must rise 1 degree centigrade when sudden compression reduces its volume by 1/116.
				
					19
				
			

			The experiments on the speed of sound were made in air at a pressure of 760 millimeters of mercury and a temperature of 6°, so our datum strictly applies only to those two conditions. For convenience, though, we’ll refer it to 0°, which isn’t far off.

			Air compressed by 1/116, and so raised 1°, differs from air heated directly by 1° only in its density. If the original volume is V, the compression by 1/116 reduces it to V − 1/116 V.

			Heating it directly at constant pressure must, by Gay-Lussac’s rule, increase the volume of the air by 1/267 of what it would be at 0°. On one side, then, the air is reduced to the volume V − 1/116 V; on the other, it is brought to V + 1/267 V.

			The difference between the quantities of heat the air holds in the two cases is plainly the quantity used to raise it directly by 1°. The quantity of heat the air would absorb in passing from the volume V − 1/116 V to the volume V + 1/267 V is therefore equal to the quantity needed to raise it by 1°.

			Now imagine that instead of heating the air by 1° under constant pressure, free to expand, we shut it in a chamber that can’t expand and in that state raise its temperature by 1°. Air heated by 1° in this way will differ from air compressed by 1/116 only in its volume, which is larger by 1/116. The quantity of heat the air would give up on a reduction of volume of 1/116 is therefore equal to the quantity it would need to rise 1 degree centigrade at constant volume. Since the differences between the volumes V − 1/116 V, V and V + 1/267 V are small compared with the volumes themselves, we can treat the quantities of heat the air absorbs in passing from the first of these volumes to the second, and from the first to the third, as very nearly proportional to the changes of volume. We are thus led to the following relation.

			The quantity of heat needed to raise air by 1° at constant pressure is to the quantity needed to raise the same air by 1° at constant volume as the number

			
				[image: \frac{1}{116} + \frac{1}{267} \quad\text{is to}\quad \frac{1}{116}]
			

			or, multiplying both by 116 × 267, as 267 + 116 is to 267.

			That, then, is the ratio between the capacity of air for heat at constant pressure and its capacity at constant volume. If the first of these capacities is expressed by unity, the other will be expressed by the number

			
				[image: \frac{267}{267 + 116},]
			

			or about 0.700. Their difference, 1 − 0.700, or 0.300, will express the quantity of heat that goes into the increase in the air’s volume when it is heated by 1° at constant pressure.

			By the law of Gay-Lussac and Dalton, this increase of volume would be the same for every other gas; by the theorem proved above, the heat absorbed by equal increases of volume is the same for all elastic fluids. We are led, then, to lay down the following proposition:

			
				The difference between the specific heat at constant pressure and the specific heat at constant volume is the same for all gases.
			

			Note that all the gases are taken to be at the same pressure, atmospheric pressure for example, and that the specific heats are measured by volume.

			Nothing is easier now than to draw up a table of the specific heats of gases at constant volume from their specific heats at constant pressure. Here is that table. Its first column is the result of the direct experiments of Delaroche and Bérard on the specific heat of gases at atmospheric pressure; its second consists of the numbers in the first less 0.300.

			Table of the Specific Heat of Gases

			
				
					
							Gas
							Specific heat at constant pressure
							Specific heat at constant volume
					

					
							Atmospheric air
							1.000
							0.700
					

					
							Hydrogen
							0.903
							0.603
					

					
							Carbon dioxide
							1.258
							0.958
					

					
							Oxygen
							0.976
							0.676
					

					
							Nitrogen
							1.000
							0.700
					

					
							Nitrous oxide
							1.350
							1.050
					

					
							Olefiant gas (ethylene)
							1.553
							1.253
					

					
							Carbon monoxide
							1.034
							0.734
					

				
			

			The numbers in both columns are referred here to the same unit, the specific heat of atmospheric air at constant pressure.

			Since the difference between each number in the first column and the matching number in the second is constant, the ratio between them must vary: the ratio of a gas’s specific heat at constant pressure to its specific heat at constant volume changes from one gas to another.

			We’ve seen that air rises 1° when it is suddenly compressed by 1/116 of its volume. Other gases must also rise in temperature under the same compression, but not all by the same amount: each in inverse proportion to its specific heat at constant volume. The reduction of volume is the same by hypothesis, so the heat it releases must be the same too, and the rise in temperature it produces depends only on the specific heat the gas has after compression, varying inversely with it. It’s easy for us, then, to draw up the table of the rises in temperature of the different gases for a compression of 1/116.

			Here it is.

			Table of the Rise in Temperature of Gases on Compression

			
				
					
							Gas
							Rise in temperature for a reduction of volume of 1/116
					

					
							Atmospheric air
							1.000°
					

					
							Hydrogen
							1.160
					

					
							Carbon dioxide
							0.730
					

					
							Oxygen
							1.035
					

					
							Nitrogen
							1.000
					

					
							Nitrous oxide
							0.667
					

					
							Olefiant gas (ethylene)
							0.558
					

					
							Carbon monoxide
							0.955
					

				
			

			A second compression of 1/116 (of the new volume) would raise the temperature of these gases again, as we’ll soon see, by about as much as the first; but the same wouldn’t be true of a third, a fourth, a hundredth such compression. The capacity of gases for heat changes with their volume; it may very well change with temperature too.

			We’ll now draw from the general proposition a second theorem, which will complete the one just proved.

			Imagine that the gas shut in the cylinder abcd (Figure 2) is moved into the chamber a′b′c′d′ (Figure 3), of the same height but with a different and larger base. The gas will increase in volume and decrease in density and elastic force in the inverse ratio of the two volumes abcd and a′b′c′d′. As for the total pressure on each piston, cd and c′d′, it will be the same for both, because the areas of the pistons are in direct proportion to the volumes.

			Suppose we carry out on the gas in a′b′c′d′ the operations described above, which we imagined performed on the gas in abcd. That is, suppose we give the piston c′d′ movements of the same extent as those of the piston cd, making it take in turn the position c′d′, matching cd, and e′f′, matching ef, while at the same time we put the gas, by means of the two bodies A and B, through the same changes of temperature as when it was shut in abcd. The total force on the piston will then be the same in the two cases at every matching instant. This follows from Mariotte’s law alone.20 The densities of the two gases always keep the same ratio to each other for the same positions of the pistons, and the temperatures are always equal on both sides, so the total pressures on the pistons will always keep the same ratio to each other. If that ratio is one of equality at any instant, the pressures will always be equal.

			Since, moreover, the two pistons move through equal distances, the motive power produced will be the same on both sides, and by the general proposition we must conclude that the quantities of heat used on both sides are the same: the same quantity of heat passes from body A to body B in the two cases.

			The heat taken from body A and handed to body B is nothing other than the heat absorbed by the gas as it expands and released again when it is compressed. We are led, then, to the following theorem:

			
				When an elastic fluid passes, without changing temperature, from the volume U to the volume V, and an equal weight of the same gas passes at the same temperature from the volume U′ to the volume V′, then if the ratio of U′ to V′ is the same as the ratio of U to V, the quantities of heat absorbed or released in the two cases will be equal.
			

			The theorem can be put another way:

			
				When a gas changes volume without changing temperature, the quantities of heat it absorbs or releases are in arithmetic progression if the increases or reductions of volume are in geometric progression.
			

			When a liter of air kept at 10° is compressed to 1/2 liter, a certain quantity of heat is released. That quantity will always be the same if the volume is reduced again from 1/2 liter to 1/4 liter, from 1/4 liter to 1/8, and so on.

			If instead of compressing the air we expand it in turn to 2 liters, 4 liters, 8 liters and so on, we must keep supplying it with equal quantities of heat to hold it at the same temperature.

			This easily accounts for the high temperature air reaches under rapid compression. That temperature is known to be enough to light tinder, and even to make the air glow. If we suppose for a moment that the specific heat of air stays constant despite the changes of volume and temperature, the temperature will rise in arithmetic progression for reductions of volume in geometric progression. Starting from this, and granting that a rise of one degree goes with a compression of 1/116, we can easily conclude that air reduced to 1/14 of its original volume must rise by about 300°, enough to light tinder.21

			The rise of temperature must be greater still if air’s capacity for heat gets smaller as its volume shrinks. That is to be presumed, and it even seems to follow from the experiments of Delaroche and Bérard on the specific heat of air at different densities. (See their memoir printed in the Annales de chimie, tom. 85, pp. 72 and 224.)

			The two theorems we have stated, the one on different gases and the one on volumes in the same ratio, are enough to compare the quantities of heat absorbed or released when elastic fluids change volume, whatever the density and chemical nature of those fluids, provided they are all taken at, and kept at, some one unchanging temperature. But these theorems give no means of comparing the quantities of heat released or absorbed by elastic fluids that change volume at different temperatures. We don’t know, for instance, what ratio holds between the heat released by a liter of air compressed to half its volume at a steady 0° and the heat released by the same liter of air compressed to half at a steady 100°. Knowing that ratio depends on knowing the specific heat of gases at different temperatures, and on some other data that present-day physics can’t yet give us.

			Our second theorem gives us a means of finding the law by which the specific heat of gases varies with their density.

			Suppose the operations described above, the short cycle without stages 3 and 5, are carried out not with two bodies A and B whose temperatures differ by an infinitely small amount but with two bodies whose temperatures differ by a finite amount, 1° for example. In a complete cycle of operations, body A supplies the elastic fluid with a certain quantity of heat, which can be divided into two portions: first, the heat needed to keep the fluid at a constant temperature while it expands; second, the heat needed to bring the fluid back from the temperature of body B to that of body A when, after the fluid has been returned to its original volume, it is put back in contact with body A. Call the first of these quantities a and the second b. The total caloric supplied by body A will be a + b.

			The caloric the fluid passes on to body B can also be divided into two parts: one, b′, due to the cooling of the gas by body B; the other, a′, which the gas gives up as its volume is reduced. The sum of these two quantities is a′ + b′. It must equal a + b, for after a complete cycle of operations the gas is brought back exactly to its original state, and it must have given up all the caloric first supplied to it. We have, therefore,

			a + b = a′ + b′ ,

			or

			a − a′ = b′ − b.

			Now by the second theorem, the quantities a and a′ don’t depend on the density of the gas, provided the weight of gas stays the same and the changes of volume are proportional to the original volume. The difference a − a′ must meet the same conditions, and so must the difference b′ − b, which equals it. But b is the caloric needed to raise by one degree the gas shut in abcd (Figure 2), and b′ is the caloric the gas gives up when, shut in abef, it cools by 1 degree. These quantities can serve as measures of the specific heats. Hence the following proposition:

			The change in the specific heat of a gas brought about by a change of volume depends solely on the ratio between the original volume and the new one. That is, the difference between the specific heats does not depend on the absolute size of the volumes, but only on their ratio.

			The proposition can be put another way:

			
				When a gas increases in volume in geometric progression, its specific heat increases in arithmetic progression.
			

			If a is the specific heat of air at a given density, and a + h the specific heat at half that density, then at a quarter of that density it will be a + 2h, at an eighth a + 3h, and so on.

			The specific heats are referred here to weight, and taken at constant volume. But as we’ll now see, they would follow the same law if taken at constant pressure.

			What, after all, causes the difference between the specific heats at constant volume and at constant pressure? The caloric needed, in the second case, to produce the increase of volume. Now by Mariotte’s law the increase in volume of a gas for a given change of temperature must be a fixed fraction of the original volume, a fraction independent of the pressure. By the second theorem, if the ratio between the original volume and the new one is given, the heat needed to produce the increase of volume is thereby fixed. It depends solely on that ratio and on the weight of the gas. We must conclude, then, that

			
				The difference between the specific heat at constant pressure and the specific heat at constant volume is always the same, whatever the density of the gas, provided the weight stays the same.
			

			Both specific heats grow as the density of the gas decreases, but their difference doesn’t change.22

			Since the difference between the two capacities for heat is constant, if one increases in arithmetic progression the other must follow a similar progression. Our law therefore applies to specific heats taken at constant pressure.

			We’ve tacitly assumed that specific heat increases with volume. The increase follows from the experiments of Delaroche and Bérard: they found 0.967 for the specific heat of air at a pressure of 1 meter of mercury (see the memoir already cited), taking as unity the specific heat of the same weight of air at a pressure of 0.760 meters.

			Given the law the specific heats follow with respect to pressure, it’s enough to have observed them in two particular cases to deduce them in every possible case. Using the experimental result of Delaroche and Bérard just reported, we have in this way drawn up the following table of the specific heats of air under different pressures.

			
				
					
							Pressure in atmospheres
							Specific heat (air at atmospheric pressure = 1)
							Pressure in atmospheres
							Specific heat (air at atmospheric pressure = 1)
					

					
							1/1024
							1.840
							1
							1.000
					

					
							1/512
							1.756
							2
							0.916
					

					
							1/256
							1.672
							4
							0.832
					

					
							1/128
							1.588
							8
							0.748
					

					
							1/64
							1.504
							16
							0.664
					

					
							1/32
							1.420
							32
							0.580
					

					
							1/16
							1.336
							64
							0.496
					

					
							1/8
							1.252
							128
							0.412
					

					
							1/4
							1.165
							256
							0.328
					

					
							1/2
							1.084
							512
							0.244
					

					
							1
							1.000
							1024
							0.160
					

				
			

			The pressures, as you can see, form a geometric progression, and the specific heats an arithmetic one.

			We’ve carried the table out to extreme compressions and rarefactions. Presumably air would have turned liquid before reaching 1024 times its ordinary density, that is, before becoming denser than water. Carried beyond its last line, the table would make the specific heats vanish and even turn negative. We think, besides, that the figures in the specific-heat columns fall off here too quickly. The experiments our calculation rests on were made within limits too narrow for us to expect great accuracy in the numbers we have obtained, above all at the extremes.

			Since we know, on the one hand, the law by which heat is released when gases are compressed, and on the other the law by which specific heat varies with volume, we can easily calculate how much the temperature of a gas rises when it is compressed without being allowed to lose caloric. The compression can be thought of as split into two successive operations: first, compression at constant temperature; second, giving the gas back the caloric it released. In this second operation the temperature will rise in inverse proportion to the specific heat the gas has after its reduction in volume, a specific heat we know how to calculate by the law proved above. The heat released by the compression must, by the second theorem, be represented by an expression of the form

			
				[image: s = A + B \log v,]
			

			where s is that heat, v the volume of the gas after compression, and A and B arbitrary constants that depend on the original volume of the gas, its pressure and the units chosen.

			The specific heat, which varies with volume by the law just proved, must be represented by an expression of the form

			
				[image: z = A' + B' \log v,]
			

			where A′ and B′ are arbitrary constants different from A and B.

			The rise in temperature the gas acquires through compression is proportional to the ratio s/z, that is, to the ratio of A + B log v to A′ + B′ log v. It can be represented by that ratio itself. Calling it t, we’ll have

			
				[image: t = \frac{A + B \log v}{A' + B' \log v}.]
			

			If the original volume of the gas is 1 and its original temperature 0°, we’ll have at once t = 0 and log v = 0, whence A = 0. Then t will express not just the rise in temperature but the temperature itself above the zero of the thermometer.

			The formula we’ve just given shouldn’t be taken as applying to very large changes in the volume of gases. We have treated the rise in temperature as inversely proportional to the specific heat, which tacitly assumes that the specific heat is constant at all temperatures. Large changes of volume bring large changes of temperature in the gas, and nothing proves that the specific heat stays constant at different temperatures, least of all at temperatures far apart. That constancy is only a hypothesis, granted for gases by analogy and fairly well confirmed for solids and liquids over part of the thermometer scale, but the experiments of Dulong and Petit have shown it to be inexact when stretched to temperatures well above 100°.23

			By a law due to Clément and Desormes, established by direct experiment, steam always contains the same quantity of heat for the same weight, whatever the pressure at which it is formed. This amounts to saying that steam compressed or expanded mechanically, without loss of heat, will always just saturate the space it fills if it did so to begin with. Steam in that condition can therefore be regarded as a permanent gas, and it must obey all the laws of one. The formula

			
				[image: t = \frac{A + B \log v}{A' + B' \log v}]
			

			must therefore apply to it, and must agree with the table of pressures that comes out of Dalton’s direct experiments.

			And one can indeed check that our formula, with suitable values of the arbitrary constants, represents the results of experiment very closely. The small anomalies one may find are no larger than can reasonably be put down to errors of observation.24

		
	
		
			More Power in the Lower Degrees

			Let us come back now to our main subject, the motive power of heat, from which we’ve already strayed too far.

			We’ve shown that the quantity of motive power developed by carrying caloric from one body to another depends essentially on the temperatures of the two bodies, but we haven’t yet given any relation between those temperatures and the quantities of motive power produced. It might seem natural at first to suppose that equal differences of temperature produce equal quantities of motive power: that, for example, a given quantity of caloric passing from a body A kept at 100° to a body B kept at 50° should give rise to as much motive power as the same caloric carried from a body B at 50° to a body C at 0°. Such a law would certainly be very remarkable, but there’s no sufficient reason to accept it a priori. We’ll test it by rigorous reasoning. Imagine the operations described earlier, the short two-stage cycle, carried out in turn on two quantities of atmospheric air equal in weight and in volume but taken at different temperatures, and suppose the difference of temperature between bodies A and B to be the same in both cases. In one case, for example, the bodies might be at 100° and 100° − h (h being infinitely small), and in the other at 1° and 1° − h. The motive power produced is, in each case, the difference between what the gas yields by expanding and what it takes to bring it back to its original volume. Now this difference is the same in both cases, as a simple argument we don’t think worth spelling out will show, and so the motive power produced is the same.

			Let us now compare the quantities of heat used in the two cases. In the first, the heat used is what body A supplies to the air to keep it at 100° while it expands; in the second, it is what the same body must supply to keep it at 1° through exactly the same change of volume. If these two quantities of heat were equal, the law we first supposed would follow at once. But nothing proves that they are, and we’ll now see that they aren’t.

			Suppose the air first fills the space abcd (Figure 2) at a temperature of 1°. It can be brought to fill the space abef at a temperature of 100° in two different ways.

			1. We can first heat it without changing its volume, then expand it while keeping its temperature constant.

			2. We can begin by expanding it at constant temperature, then heat it once it has its new volume.

			Let a and b be the quantities of heat used in turn in the first procedure, and b′ and a′ the quantities used in turn in the second. Since the two procedures end in the same result, the heat used must be the same in both. We have, therefore,

			
				[image: a + b = a' + b', \quad\text{whence}\quad a' - a = b - b'.]
			

			a′ is the quantity of heat needed to take the gas from 1° to 100° when it fills the space abef.

			a is the quantity of heat needed to take the gas from 1° to 100° when it fills the space abcd.

			The air is less dense in the first case than in the second, and by the experiments of Delaroche and Bérard cited earlier, its capacity for heat must be a little greater.

			Since a′ is greater than a, b must be greater than b′. Generalizing the proposition, then, we’ll say:

			
				The quantity of heat due to a change in the volume of a gas is greater the higher the temperature.
			

			It takes more caloric, for example, to keep a quantity of air at 100° while its volume is doubled than to keep the same air at 1° through exactly the same expansion.

			Yet these unequal quantities of heat would produce, as we’ve seen, equal quantities of motive power for equal falls of caloric taken at different heights on the thermometer scale, from which we can draw the following conclusion:

			
				The fall of caloric produces more motive power in the lower degrees than in the higher.
			

			A given quantity of heat will thus develop more motive power passing from a body kept at 1° to another kept at 0° than if the two bodies had been at 101° and 100°.

			The difference must, however, be very small; it would be nothing at all if air’s capacity for heat stayed constant despite changes of density. By Delaroche and Bérard’s experiments that capacity varies little, so little that the differences observed might, strictly speaking, be put down to errors of observation or to some circumstance overlooked.

			With only the experimental data we have, we can’t determine rigorously the law by which the motive power of heat varies at different points of the thermometer scale. That law is tied to the law by which the specific heat of gases varies with temperature, which experiment hasn’t yet made known with enough accuracy.25

		
	
		
			The Numbers for Air, Steam and Alcohol

			We’ll now try to calculate the motive power of heat in absolute terms. To check our fundamental proposition, to check whether the agent used to realize motive power really makes no difference to the quantity of it, we’ll choose several agents in turn: atmospheric air, steam, and the vapor of alcohol.

			Suppose we use atmospheric air first. The operation will follow the method given above for the short cycle. We make the following assumptions.

			The air is taken at atmospheric pressure. The temperature of body A is one thousandth of a degree above 0°, and that of body B is 0°. The difference, as you can see, is very small, which is necessary here.

			The increase of volume given to the air in our operation will be 1/116 + 1/267 of its original volume. That’s a very small increase in absolute terms, but a large one compared with the difference of temperature between bodies A and B.

			The motive power developed by the two operations together will be, very nearly, proportional to the increase of volume and to the difference between the two pressures the air exerts at 0.001° and at 0°. By Gay-Lussac’s rule, that difference is 1/267 of a thousandth of the elastic force of the gas, or very nearly 1/267 of a thousandth of atmospheric pressure.

			Atmospheric pressure balances a column of water 1040/100 meters high. 1/267 of a thousandth of that pressure is therefore equal to (1/267 × 10.40)/1000 meters of water.

			As for the increase of volume, it is, by assumption, 1/116 + 1/267 of the original volume, that is, of the volume taken up by one kilogram of air at 0°, which, given the specific gravity of air, is 0.77 cubic meters. The product

			
				[image: \left(\frac{1}{116} + \frac{1}{267}\right) \times 0.77 \times \frac{1}{267000} \times 10.40]
			

			will therefore express the motive power developed. That power is measured here in cubic meters of water raised 1 meter.

			Carrying out the multiplications, we find the value of the product to be 0.000000372.

			Now let us calculate the quantity of heat used to give this result, that is, the quantity of heat that passed from body A to body B.

			Body A supplies, first, the heat needed to bring 1 kilogram of air from 0° to 0.001°;

			second, the quantity needed to keep the air at that 0.001° while it expands by

			
				[image: \frac{1}{116} + \frac{1}{267}.]
			

			The first of these quantities of heat is very small beside the second, so we’ll neglect it. The second, by the reasoning we gave in deriving the ratio of the two specific heats, equals the heat that would be needed to raise by 1° the temperature of 1 kilogram of air at atmospheric pressure.

			By Delaroche and Bérard’s experiments on the specific heat of gases, that of air is, weight for weight, 0.267 of that of water. If, then, we take as our unit of heat the quantity needed to raise one kilogram of water by 1°, the heat needed to raise one kilogram of air by 1° will be 0.267. The quantity of heat supplied by body A is therefore

			0.267 units.

			That’s the heat able to produce 0.000000372 units of motive power by its fall from 0.001° to 0°.

			For a fall a thousand times as great, a fall of 1°, the motive power produced will be very nearly 1000 times the first, or

			0.000372.

			If now, instead of 0.267 units of heat, we use 1,000 units, the motive power produced will be given by the proportion

			
				[image: 0.267: 0.000372 :: 1000: x, \quad\text{whence}\quad x = \frac{372}{267} = 1.395 \text{ units}.]
			

			Thus 1,000 units of heat passing from a body kept at 1° to another body kept at 0° will produce, acting on air,

			1.395 units of motive power.

			We’ll compare this result with the one given by the action of heat on steam.

			
				[image: A cylinder abcd with its piston cd pressed right down against the base ab, holding a kilogram of water; the dotted line ef, high above, marks where the piston stands once all the water has turned to steam.]
				
					Figure 4﻿—A cylinder abcd with its piston cd pressed right down against the base ab, holding a kilogram of water; the dotted line ef, high above, marks where the piston stands once all the water has turned to steam.

				
			
			Suppose 1 kilogram of liquid water shut in the cylinder abcd (Figure 4), between the bottom ab and the piston cd. Suppose also the two bodies A and B, each kept at a constant temperature, A’s very slightly above B’s. Now picture the following operations.

			1. The water is put in contact with body A; the piston passes from cd to ef; steam forms at the temperature of body A to fill the space opened up as the chamber enlarges. We’ll suppose the space abef large enough to hold all the water as steam.

			2. Body A is taken away and the steam put in contact with body B; part of the steam condenses, its elastic force falls, the piston returns from ef to ab, and the rest of the steam turns to liquid under the pressure combined with contact with body B.

			3. Body B is taken away, the water put back in contact with body A and returned to that body’s temperature; the first stage comes round again, and so on.

			The motive power developed in a complete cycle of operations is measured by the volume of the steam multiplied by the difference between its pressures at the temperature of body A and at that of body B.

			As for the heat used, that is, carried from body A to body B, it’s simply the heat it took to turn the water into steam, neglecting the small quantity needed to bring the liquid water back from the temperature of body B to that of body A.

			Let the temperature of body A be 100° and that of body B 99°. By Dalton’s table the difference of pressure will be 26 millimeters of mercury, or 0.36 meters of water.

			The volume taken up by the steam is 1700 times that of the water. If we work on one kilogram, that will be 1700 liters, or 1.700 cubic meters.

			The motive power developed is therefore the product

			
				[image: 1.700 \times 0.36 = 0.611 \text{ units}]
			

			of the kind we used before.

			The quantity of heat used is the quantity needed to turn into steam water already brought to 100°. That quantity is given by experiment: it has been found equal to 550°, or more exactly to 550 of our units of heat.

			Thus 0.611 units of motive power result from the use of 550 units of heat.

			The quantity of motive power resulting from 1,000 units of heat will be given by the proportion

			
				[image: 550: 0.611 :: 1000: x, \quad\text{whence}\quad x = \frac{611}{550} = 1.112.]
			

			Thus 1000 units of heat carried from a body kept at 100° to another kept at 99° will produce, acting on steam, 1.112 units of motive power.

			The number 1.112 differs by about 1/4 from the number 1.395 found earlier for the motive power developed by 1,000 units of heat acting on air. But notice that in that case the temperatures of bodies A and B were 1° and 0°, whereas here they are 100° and 99°. The difference is indeed the same, but it doesn’t stand at the same height on the thermometer scale. For an exact comparison we would have had to calculate the motive power developed by steam formed at 1° and condensed at 0°, and we would also have had to know the quantity of heat contained in steam formed at 1°.

			The law of Clément and Desormes reported above gives us that datum. Since the heat that makes up steam is always the same, whatever the temperature at which the water turns to vapor, if it takes 550 degrees of heat to vaporize water already brought to 100°, it will take 550 + 100, or 650, to vaporize the same weight of water taken at 0°.

			Using this datum, and reasoning otherwise exactly as we did for water at 100°, we find, as is easy to check,

			1.290

			for the motive power developed by 1,000 units of heat acting on steam between 1° and 0°.

			This number comes closer than the first to

			1.395.

			It now differs from it by only 1/13, an error not beyond presumable limits, given the large number of data of different kinds we were forced to use to arrive at this comparison. Our fundamental law is thus confirmed in a particular case.26

			We’ll examine another case, that in which heat acts on the vapor of alcohol.

			The reasoning here is exactly the same as for steam; only the data change.

			Pure alcohol boils at ordinary pressure at 78.7 degrees centigrade. According to Delaroche and Bérard, one kilogram absorbs 207 units of heat in turning to vapor at that same temperature of 78.7°.

			The pressure of alcohol vapor 1° below the boiling point is found to be lower by 1/25: it is 1/25 less than atmospheric pressure. (At least, that is what follows from the experiments of Betancourt, reported in the second part of Prony’s Architecture hydraulique, pp. 180 and 195.)27

			Using these data, we find that acting on a kilogram of alcohol at the temperatures 78.7° and 77.7°, the motive power developed would be 0.251 units.

			It results from the use of 207 units of heat. For 1000 units we must set up the proportion

			
				[image: 207: 0.254 :: 1000: x, \quad\text{whence}\quad x = 1.230.]
			

			This number is a little larger than the 1.112 that came from using steam at 100° and 99°. But if we suppose steam used at 78° and 77°, we find, by the law of Clément and Desormes, 1.212 for the motive power due to 1000 units of heat. This last number, as you can see, comes very close to 1.230; it differs from it by only 1/50.

			We would have liked to make other comparisons of this kind: to calculate, for example, the motive power developed by the action of heat on solids and liquids, by the freezing of water, and so on. But present-day physics denies us the data we would need.28 The fundamental law we set out to confirm would seem to call, nonetheless, for fresh checks before it can be put beyond doubt; it rests on the theory of heat as understood today, and that foundation, it must be admitted, doesn’t strike us as unshakably solid. Only new experiments could settle the question; in the meantime we’ll apply the theoretical ideas set out above, taking them as exact, to the examination of the various means proposed so far for realizing the motive power of heat.

		
	
		
			Solids, Steam and High Pressure

			It has sometimes been proposed to develop motive power by the action of heat on solid bodies. The way of going about it that comes most naturally to mind is to fix a solid body, a metal bar for instance, firmly by one end, attach the other end to a moving part of a machine, and then, by heating and cooling it in turn, make the bar grow longer and shorter and so produce motion of some kind. Let us try to judge whether this way of developing motive power can pay. We’ve shown that the mark of the best use of heat for producing motion is that every change of temperature in the bodies should be due to a change of volume. The closer we come to meeting this condition, the better the heat will be used. Now, working in the way just described, we are very far from meeting it: here no change of temperature is due to a change of volume, and all of them are due to contact between bodies heated to different degrees: contact between the metal bar and the body charged with supplying it heat, or the body charged with taking heat away.

			The only way to meet the prescribed condition would be to act on the solid body exactly as we did on the air in the operations described earlier. But for that we would have to be able to produce large changes of temperature in the solid simply by changing its volume, at least if we wanted to use large falls of caloric, and that seems impracticable. Several considerations suggest that the changes of temperature produced in solids or liquids by compression and expansion would be quite small.

			1. In machines (heat engines especially) we often see solid parts that bear very great forces, now one way, now the other, and although these forces are sometimes as great as the materials will stand, the changes of temperature are hardly noticeable.

			2. In striking medals, in rolling mills and in drawing wire, metals undergo the greatest compression our means allow, using the hardest and toughest tools. Yet the rise in temperature isn’t great: if it were, the steel parts used in these operations would soon lose their temper.

			3. It’s known that a very great force would have to be applied to solids and liquids to reduce their volume as much as cooling does (a cooling from 100° to 0°, for example). Now cooling requires taking away more caloric than the mere reduction of volume would. If that reduction were brought about mechanically, the heat released couldn’t change the body’s temperature by as many degrees as the cooling does. And yet it would require a force that is certainly very great.

			Since solids can undergo little change of temperature through changes of volume, and since the condition for the best use of heat in developing motive power is precisely that every change of temperature be due to a change of volume, solids seem ill suited to realizing that power.

			Liquids are in exactly the same case, and the same reasons can be given for rejecting them.29

			We say nothing here of the practical difficulties, which would be countless. The movements produced by the expansion and compression of solids or liquids could only be very small, and to enlarge them one would be forced to use complicated mechanisms; the strongest materials would be needed to transmit enormous pressures; finally, the successive operations would go very slowly compared with those of the ordinary heat engine, so that large and costly apparatus would produce, in the end, only mediocre effects.

			Elastic fluids, gases or vapors, are the true instruments for developing the motive power of heat. They combine every condition needed to do the job well. They are easy to compress and can expand almost without limit; changes of volume bring about large changes in their temperature; and finally they move easily, can be heated and cooled quickly, and can be carried easily from one place to another, which allows them to produce rapidly the effects expected of them.

			One can easily imagine any number of machines for developing the motive power of heat by means of elastic fluids. But however one goes about it, the following principles must not be lost sight of.

			1. The temperature of the fluid must first be raised as high as possible, so as to obtain a great fall of caloric and so a great production of motive power.

			2. For the same reason, the cooling must be carried as far as possible.

			3. The passage of the elastic fluid from the highest temperature to the lowest must be brought about by its increase in volume; that is, the cooling of the gas must happen of its own accord, through its expansion.

			The limit on the temperature to which the fluid can first be brought is simply the limit of the temperature produced by burning, and that is very high.

			The limit on the cooling is the temperature of the coldest bodies available easily and in great quantity, which are usually the waters of the place where one happens to be.

			The third condition makes trouble for realizing the motive power of heat when it comes to exploiting large differences of temperature, to using large falls of caloric. The gas must then pass, by expanding, from a very high temperature to a very low one, and that takes a great change of volume and density: it requires either that the gas start under very high pressure or that it expand to an enormous volume, and both conditions are hard to meet. The first calls for very strong vessels to hold the gas at once under high pressure and at a high temperature; the second calls for vessels of very great size.

			These are in fact the main obstacles that keep steam engines from exploiting a large part of the motive power of heat. They are forced to make do with a small fall of caloric, while the burning of coal gives the means of obtaining a very large one.

			In steam engines the elastic fluid is rarely formed at a pressure above 6 atmospheres, which corresponds to about 160 degrees centigrade, and condensation rarely takes place at a temperature much below 40°. The fall of caloric from 160° to 40° is 120°, whereas burning can provide a fall of 1000 to 2000 degrees.

			To make this clearer, let us recall what we have called the fall of caloric: the passage of heat from a body A, where the temperature is high, to another, B, where it is lower. We say the fall of caloric is 100 degrees or 1000 degrees when the difference of temperature between bodies A and B is 100° or 1000°.

			In a steam engine working at a pressure of 6 atmospheres, the temperature of the boiler is 160 degrees: this is body A, kept at the constant temperature of 160° by contact with the furnace, and it continually supplies the heat needed to form the steam.

			The condenser is body B; it is kept by a stream of cold water at the nearly constant temperature of 40 degrees, and it continually absorbs the caloric brought to it from body A by the steam.

			The difference of temperature between these two bodies is 160° − 40°, or 120°. That’s why we say the fall of caloric here is 120°.

			Coal can produce by burning a temperature above 1000°, and the cold water most commonly available in our climates is at about 10°, so a fall of caloric of 1000° is easy to obtain, of which steam engines use only 120°. And even those 120° aren’t fully exploited. There are always considerable losses from useless restorings of equilibrium in caloric.

			It’s easy to see now why so-called high-pressure engines have the advantage over engines of lower pressure: the advantage lies essentially in the power to make use of a greater fall of caloric. Steam formed at a higher pressure is also at a higher temperature, and since the temperature of condensation stays about the same, the fall of caloric is plainly greater.

			But to get really advantageous results from high-pressure engines, the fall of caloric must be exploited as well as possible. It isn’t enough for the steam to be formed at a high temperature; it must also, by expanding, reach a fairly low temperature. The mark of a good steam engine, then, must be not only that it uses steam at high pressure but that it uses it at successive pressures that vary widely, differ greatly from one another, and decrease step by step.3031

			
				[image: A cylinder abcd with its piston raised to cd; the dotted line ef, lower down, marks where the piston is forced back to, squeezing the steam into the space abef.]
				
					Figure 5﻿—A cylinder abcd with its piston raised to cd; the dotted line ef, lower down, marks where the piston is forced back to, squeezing the steam into the space abef.

				
			
			To make the advantage of high-pressure engines felt, so to speak, a posteriori, suppose steam formed at atmospheric pressure is let into the cylinder abcd (Figure 5) under the piston cd, which at first rested on the bottom ab. Having moved the piston from ab to cd, the steam will go on to produce its effects in some way that doesn’t concern us.

			Now imagine the piston, having reached cd, forced down to ef without letting the steam escape or lose any of its caloric. The steam will be pushed back into the space abef, and will increase at once in density, in elastic force and in temperature.

			If the steam, instead of being formed at atmospheric pressure, had been formed in precisely the state it is in when squeezed into abef, and after moving the piston from ab to ef as it came into the cylinder had pushed it from ef to cd by its expansion alone, the motive power produced would have been greater than in the first case. The piston’s movement, equal in extent, would have taken place under a greater pressure, though a varying one, falling step by step.

			Yet the steam would have needed for its formation exactly the same quantity of caloric; it would simply have been taken at a higher temperature.

			Considerations of this kind lie behind the two-cylinder engines, invented by Hornblower and improved by Woolf, which are held to be the most economical of fuel. They consist of a small cylinder which, at each stroke, fills more or less with steam (often completely), and a second cylinder, usually given four times the capacity of the first, which receives no steam except what has already worked in the first cylinder. By the end of its action, then, the steam has at least quadrupled its volume. From the second cylinder it is taken straight to the condenser, but one can see that it could be taken to a third cylinder, four times the second, where its volume would become 16 times what it was at first. The main obstacle to using a third cylinder of this kind is the capacity it would need, and the large size its openings would need to let the steam through.32 We’ll say no more on this subject, since our purpose isn’t to go into the details of building heat engines: those details would call for a work devoted to them, which doesn’t yet exist, at least not in France.33

			If the expansion of steam is limited mainly by the size of the vessels in which it must expand, the degree of compression at which it can first be used is limited only by the strength of the vessels in which it is formed, that is, the boilers. In this respect we are far from having reached the best that is possible. The design of the boilers generally in use is thoroughly faulty, even though the pressure of the steam in them is rarely carried beyond 4 to 6 atmospheres. They often burst and have caused serious accidents. It would no doubt be quite possible to avoid such accidents and still carry the steam to much higher pressures than is generally done.

			Besides the two-cylinder high-pressure engines we have spoken of, there are also high-pressure engines with a single cylinder. Most of these were built by two able English engineers, Trevithick and Vivian. They use steam at very high pressure, sometimes 8 to 10 atmospheres, but they have no condenser. The steam, once let into the cylinder, expands to some extent, but always keeps a pressure above that of the atmosphere. When it has done its job it is thrown out into the atmosphere. Working this way comes to exactly the same thing, as regards the motive power produced, as condensing the steam at 100°, and part of the useful effect is lost. But engines that work like this do without a condenser and an air pump. They cost less than the others, are less complicated, take up less room, and can be used where there’s no stream of cold water large enough for condensing. There they are of inestimable value, since nothing else can take their place. In England these engines are used mainly to move wagons carrying coal on railways laid either inside the mines or in the open air.

		
	
		
			Air Engines and Other Vapors

			It remains for us to say a few words about using the permanent gases, and vapors other than steam, to develop the motive power of fire.

			Attempts have been made several times to get motive power by making heat act on atmospheric air. Compared with steam, this gas has advantages and drawbacks, which we’ll now examine.

			1. Compared with steam, it has a notable advantage: having, volume for volume, a much smaller capacity for heat, it would cool more for the same expansion. (This is proved by what we said earlier.) And we’ve seen how important it is to produce, through changes of volume, the greatest possible changes of temperature.

			2. Steam can be made only by way of a boiler, whereas atmospheric air could be heated directly by burning fuel inside it. A considerable loss would thus be avoided, not only in the quantity of heat but also in its temperature. This advantage belongs to atmospheric air alone; the other gases don’t share it; they would even be harder to heat than steam.

			3. To give air a large expansion, and so produce a large change of temperature by that expansion, it would have to start at a fairly high pressure: it would therefore have to be compressed, by an air pump or some other means, before being heated. That operation would call for a special apparatus, which steam engines don’t need. In them the water is liquid when it is fed into the boiler, and a small force pump is all it takes to put it there.

			4. Steam is cooled by contact with the cooler far more quickly and easily than air can be. One could, it’s true, fall back on throwing the air out into the atmosphere, which would have the further advantage of doing without a cooler, not always available. But for that, the air’s expansion must not have brought it to a pressure below atmospheric pressure.

			5. One of the most serious drawbacks of steam is that it can’t be taken to high temperatures without vessels of extraordinary strength. Not so with air, for which there’s no necessary relation between elastic force and temperature. Air would therefore seem better suited than steam to realizing the motive power of falls of caloric at high temperatures; at lower temperatures steam may be more suitable. One can even imagine making the same heat act on air and on steam in turn. It would be enough to leave the air at a high temperature after use and, instead of throwing it straight out into the atmosphere, make it wrap around a steam boiler, just as if it came straight from a furnace.

			Using atmospheric air to develop the motive power of heat would present very great difficulties in practice, but perhaps not insurmountable ones; if they could be overcome, air would no doubt prove markedly superior to steam.34

			As for the other permanent gases, they must be rejected outright: they have all the drawbacks of atmospheric air and none of its advantages.

			The same can be said of vapors other than steam, compared with steam.

			If there were an abundant liquid that turned to vapor at a higher temperature than water, whose vapor had a smaller specific heat for the same volume, and which didn’t attack the metals engines are built of, it would no doubt deserve preference; but nature offers us no such body.

			The use of alcohol vapor has sometimes been proposed, and engines have even been built to make it possible by keeping the vapor from mixing with the condensing water, that is, by applying the cold body to the outside instead of letting it into the engine. People thought they saw a remarkable advantage in alcohol vapor, in that it has a higher pressure than steam at the same temperature. We can see in this only one more obstacle to overcome. The chief fault of steam is its excessive pressure at high temperature, and alcohol vapor has that fault even more. As for the advantage people expected in the form of a greater production of motive power, we know from the principles set out above that it is imaginary.

			It is on steam and atmospheric air, then, that future attempts to improve heat engines should concentrate, and every effort should go into using, by means of these agents, the greatest possible falls of caloric.

		
	
		
			What a Kilogram of Coal Could Do

			We’ll close by showing how far the means known so far are from realizing all the motive power of fuel.

			A kilogram of coal burned in the calorimeter gives a quantity of heat able to raise about 7000 kilograms of water by one degree centigrade; that is, it gives 7000 units of heat by the definition of these units given above.

			The greatest fall of caloric that can be realized is measured by the difference between the temperature produced by burning and the temperature of the bodies used for cooling. It’s hard to see any limit to the temperature of burning other than the point at which oxygen and the fuel can still combine. Let us take 1000° as that limit, however, and we’ll certainly stay below the truth. As for the temperature of the cooler, let us take it as 0°.

			We’ve roughly calculated, in the evaluation with steam, the quantity of motive power developed by 1000 units of heat falling from 100 degrees to 99: we found it to be 1.12 units of power, each equal to 1 cubic meter of water raised one meter.

			If motive power were proportional to the fall of caloric, if it were the same for every degree of the thermometer, nothing would be easier than to estimate it from 1000° down to 0°. It would come to

			1.12 × 1000 = 1120.

			But since that law is only approximate, and may stray far from the truth at high temperatures, we can make only a very rough estimate: we’ll suppose the number 1120 cut in half, to 560.

			Since a kilogram of coal produces 7000 units of heat, and the number 560 refers to 1000 units, we must multiply it by 7, which gives

			7 × 560 = 3920.

			That’s the motive power of a kilogram of coal.

			To compare this theoretical result with the results of experience, let us see how much motive power a kilogram of coal actually develops in the best heat engines known.

			The engines that have so far given the most advantageous results are the large two-cylinder engines used for pumping out the tin and copper mines of Cornwall. Here are the best figures they have ever given.

			56 million pounds of water were raised one English foot for each bushel of coal burned (the bushel weighs 88 pounds). That comes to raising 195 cubic meters of water one meter for each kilogram of coal, and so to producing 195 units of motive power per kilogram of coal burned.35

			195 units is only a twentieth of 3920, the theoretical maximum. Only 1/20 of the motive power of the fuel has therefore been used.

			Yet we chose our example from among the best steam engines known.

			Most of the others fall well short of them. The old Chaillot engine, for example, raises 20 cubic meters of water 33 meters for every 30 kilograms of coal burned, which comes to 23 units of motive power per kilogram: a result nine times smaller than the one cited above, and 180 times smaller than the theoretical maximum.

			We must not flatter ourselves that we’ll ever, in practice, put all the motive power of fuel to use. Attempts to come close to it would even do more harm than good if they led us to neglect other important considerations. Economy of fuel is only one of the conditions a heat engine must meet; in many circumstances it’s only secondary, and it must often give way to safety, to strength and durability, to the small space the engine must take up, to the low cost of installing it, and so on. To know how to weigh, in each case, the considerations of convenience and economy that may arise; to tell the most important from those that are merely incidental; to balance them all properly against one another, so as to reach the best result by the easiest means: that must be the chief talent of the man called on to direct and coordinate the labors of his fellows and make them work together toward a useful end, whatever it may be.

		
	
		
			Endnotes

			
					
					It’s safe to say that the output of coal in England has increased tenfold since the invention of heat engines. Much the same is true of copper, tin and iron. What the heat engine did for the English mines half a century ago it is doing today for the gold and silver mines of the New World, whose working was declining year by year, mainly because the motors used for pumping and for raising the ore weren’t up to the job. ↩︎

				

					
					We say “the danger” advisedly. A heat engine on board a ship does carry certain risks, which have been much exaggerated, but they are more than made up for by the power to keep always to a known and beaten route, and to hold out against the wind when it is driving the ship onto the coast, the shallows or the reefs. ↩︎

				

					
					We use the expression motive power here for the useful effect a motor is capable of producing. This effect can always be likened to raising a weight to a certain height, and it is measured, as everyone knows, by the weight multiplied by the height through which it is raised. ↩︎

				

					
					Translator’s note. Weight times height is what physics now calls work, and Carnot’s “motive power” is work in that sense. The word “work” (travail) was given its technical meaning by Coriolis in 1829, five years after this book. ↩︎

				

					
					We distinguish here between the steam engine and the heat engine in general. The heat engine may use any agent at all, steam or anything else, to realize the motive power of heat. ↩︎

				

					
					Translator’s note. This is the one point of Carnot’s theory that later physics overturned. In the 1840s Joule showed that heat and work convert into each other, and in 1850 Clausius showed that an engine does consume heat: less reaches the cold body than left the hot one, by exactly the amount turned into work. The rest of Carnot’s argument survived that correction. ↩︎

				

					
					Some high-pressure engines release their steam into the atmosphere instead of condensing it. They are used mainly where it would be hard to get a stream of cold water large enough to do the condensing. ↩︎

				

					
					Water in the liquid state, which we necessarily take for granted here, since without it steam engines couldn’t be fed, implies a pressure able to keep that water from turning to vapor, and so a pressure equal to or greater than the pressure of the vapor at that temperature. If the atmosphere didn’t exert such a pressure, enough water vapor would rise at once to exert it on itself, and that pressure would always have to be overcome to throw the steam out of an engine into the new atmosphere. That would plainly come to the same thing as overcoming the pressure the steam keeps after it has been condensed in the ordinary way.

					If the surface of our globe were at a very high temperature, as its interior seems beyond doubt to be, all the water of the ocean would exist as vapor in the atmosphere, and none of it would be found in the liquid state. ↩︎

				

					
					We see no need to explain here what is meant by a quantity of caloric or a quantity of heat (we use the two expressions interchangeably), or to describe how such quantities are measured with the calorimeter. Nor shall we explain what is meant by latent heat, degree of temperature, specific heat and so on. The reader should know these terms from the elementary treatises on physics or chemistry. ↩︎

				

					
					The reader may be surprised that body B, at the same temperature as the steam, can condense it. Strictly speaking it can’t, of course, but the slightest difference of temperature will bring about condensation, and that is enough to make our reasoning sound. In just this way, in the differential calculus, it’s enough that the quantities neglected can be imagined to shrink without limit relative to the quantities kept in the equations for the final result to be certain.

					Body B condenses the steam without changing temperature itself: that follows from our assumption, since we took this body to be kept at a constant temperature. Caloric is taken out of it as fast as the steam supplies it. That’s the situation of the metal of a condenser when the steam is condensed by applying cold water to the outside, as was done in several engines in the past. In the same way the water in a reservoir could be kept at a constant level if it flowed out on one side as fast as it flowed in on the other.

					We could even imagine bodies A and B keeping themselves at a constant temperature while gaining or losing certain quantities of heat. If, for example, body A were a mass of steam just about to condense and body B a mass of ice just about to melt, these bodies could, as is well known, give up or take in caloric without their thermometer reading changing. ↩︎

				

					
					It may be objected that perpetual motion, proved impossible by purely mechanical actions, is perhaps not impossible when the influence of heat or of electricity is brought in. But can we think of the phenomena of heat and electricity as anything other than motions of bodies of some kind, and so bound by the general laws of mechanics? Besides, do we not know a posteriori that every attempt to produce perpetual motion by any means at all has failed? That no one has ever managed to produce a motion that was really perpetual, one that would go on forever without any change in the bodies used to produce it?

					The electromotive apparatus (Volta’s pile) has sometimes been regarded as capable of producing perpetual motion, and people have tried to realize the idea by building dry piles that were supposed never to wear out. But whatever was done, the apparatus always deteriorated noticeably when it was kept working with any vigor for some time.

					Taken in its general and philosophical sense, the phrase perpetual motion ought to cover not only a motion that can go on indefinitely after a first push, but the action of a device, of any assembly whatever, able to create motive power in unlimited quantity: able to rouse every body in nature from rest one after another, if they were sunk in it, and destroy in them the principle of inertia; able, in short, to draw from itself the forces needed to move the whole universe and to keep its motion going, and speeding up, without end. That would be a true creation of motive power. If it were possible, there would be no point in looking for motive power in currents of water and air or in fuels. We would have an inexhaustible source of it at our disposal, to draw on at will. ↩︎

				

					
					We assume here no chemical action between the bodies used to realize the motive power of heat. The chemical action that goes on in the furnace is a preliminary action, so to speak, an operation meant not to produce motive power directly but to upset the equilibrium of caloric, to produce a difference of temperature that will then give rise to motion. ↩︎

				

					
					This kind of loss occurs in every steam engine. The water that feeds the boiler is always colder than the water already in it, and a useless restoring of equilibrium in caloric takes place between them. It’s easy to convince oneself a posteriori that this restoring of equilibrium means a loss of motive power. Consider that the feed water could have been warmed beforehand by using it as the condensing water of a small auxiliary engine, worked by steam drawn from the big boiler and condensing at a temperature between that of the boiler and that of the main condenser. The power produced by the small engine would have cost no heat at all, since all the heat it used would have gone back into the boiler with the condensing water. ↩︎

				

					
					The subject treated here is entirely new, so we are forced to use expressions not yet in use, which may not be as clear as one could wish. ↩︎

				

					
					The facts of experience that best prove the change of temperature of gases on compression or expansion are these:

					1. The drop of a thermometer placed under the bell jar of an air pump while the air is pumped out. The drop is very marked on Breguet’s thermometer: it can go beyond 40 or 50 degrees. The mist that forms on this occasion seems to be due to the condensation of water vapor caused by the cooling of the air.

					2. The lighting of tinder in the so-called pneumatic fire lighters, which are, as everyone knows, little pump barrels in which air is suddenly compressed.

					3. The drop of a thermometer placed in a vessel where air has been compressed and is then let out by opening a tap.

					4. The experimental results on the speed of sound. Laplace has shown that to make these results agree exactly with theory and calculation, one has to allow that air heats up when it is suddenly compressed.

					The one fact that can be set against these is an experiment by Gay-Lussac and Welter, described in the Annales de physique et de chimie. A small opening was made in a large reservoir of compressed air, and the bulb of a thermometer was held in the stream of air coming out of it; no noticeable drop was seen in the temperature the thermometer showed.

					This fact can be explained in two ways. First, the rubbing of the air against the sides of the opening it escapes through may release a notable amount of heat. Second, the air that comes right up against the bulb of the thermometer may regain, by striking the bulb, or rather by the detour it is forced to make around it, a density equal to what it had in the reservoir, much as the water of a stream rises above its level against a fixed obstacle.

					The change of temperature caused in gases by a change of volume may be counted one of the most important facts in physics, because of its many consequences, and at the same time one of the hardest to clear up and to measure by decisive experiments. In several circumstances it seems to show strange anomalies.

					Is it not to the cooling of air by expansion that we must put down the cold of the upper regions of the atmosphere? The reasons given so far for this cold are wholly inadequate. It has been said that the air of the high regions receives little heat reflected from the earth and itself radiates toward the depths of space, and so must lose caloric, and that this is why it is cold. But that explanation falls apart once one notices that at equal heights the cold is just as severe, and even more so, on high plains as on mountain tops or in parts of the atmosphere far from the ground. ↩︎

				

					
					Our proof tacitly assumes the following. When a body has undergone any changes whatever, and after a certain number of transformations is brought back exactly to its original state, that is, to that state considered as to density, temperature and mode of aggregation, we assume, I say, that this body contains the same quantity of heat it contained at first; or, put another way, that the quantities of heat absorbed or released in its various transformations exactly balance. This fact has never been called into question. It was first accepted without reflection and then confirmed in many cases by experiments with the calorimeter. To deny it would be to overturn the whole theory of heat, of which it is the foundation. Still, it may be said in passing that the main foundations on which the theory of heat rests would need the most careful examination. Several facts of experience seem almost inexplicable in the present state of that theory. ↩︎

				

					
					Translator’s note. This is the proposition that survived the fall of the caloric theory. Kelvin based his absolute temperature scale on it in 1848, and Clausius, recasting it in 1850, made it the core of what is now the second law of thermodynamics. In modern terms, no engine working between two temperatures can do better than the reversible one, whose efficiency depends only on those temperatures: 1 − T(cold)/T(hot), with temperatures counted from absolute zero. ↩︎

				

					
					In what follows we’ll assume the reader is up to date with the latest progress of modern physics as regards gases and heat. ↩︎

				

					
					Poisson, to whom we owe this datum, has shown that it agrees fairly well with the result of an experiment by Clément and Desormes on air rushing back into a vacuum, or rather into slightly rarefied air. It also agrees roughly with a certain result found by Gay-Lussac and Welter. (See the note below on Gay-Lussac and Welter’s direct experiments.) ↩︎

				

					
					Mariotte’s law, on which we base our proof here, is one of the best established laws of physics. It has served as the foundation of several theories confirmed by experiment, which confirm in their turn the laws they rest on. We may also cite, as a valuable confirmation of Mariotte’s law and of the law of Gay-Lussac and Dalton over a wide range of temperature, the experiments of Dulong and Petit (see Annales de physique et de chimie, February 1818, tome 7, page 122), and the more recent experiments of Davy and Faraday.

					The theorems we derive here might not be exact if applied beyond certain limits of density or temperature. They should be taken as true only within the limits in which the laws of Mariotte and of Gay-Lussac and Dalton have themselves been established. ↩︎

				

					
					When the volume is reduced by 1/116, that is, when it becomes 115/116 of what it was at first, the temperature rises by 1 degree.

					A second reduction of 1/116 brings the volume to (115/116) 2, and the temperature must rise another degree.

					After x such reductions the volume becomes (115/116) x, and the temperature must have risen by x degrees.

					If we set (115/116) x = 1/14 and take logarithms of both sides, we find

					x = about 300°.

					If we set (115/116) x = 1/2, we find

					x = 80°.

					This shows that air compressed to half its volume rises by 80°.

					All this depends on the assumption that the specific heat of air doesn’t change as its volume shrinks. But if, for the reasons given below, where the specific heat is shown to vary with density and is tabulated against pressure, we take the specific heat of air compressed to half its volume as reduced in the ratio of 700 to 616, we must multiply the 80° by 700/616, which brings it to 90°. ↩︎

				

					
					Gay-Lussac and Welter found, by direct experiments cited in the Mécanique céleste and in the Annales de physique et de chimie, July 1822, p. 267, that the ratio of the specific heat at constant pressure to the specific heat at constant volume varies very little with the density of the gas. By what we’ve just seen, it is the difference that must stay constant, not the ratio. But since the specific heat of a given weight of gas varies very little with density, it’s only natural that the ratio should change only a little too.

					The ratio of the specific heat of atmospheric air at constant pressure to its specific heat at constant volume is, according to Gay-Lussac and Welter, 1.3748, a number nearly constant at all pressures and even at all temperatures. By other considerations we arrived at the number (267 + 116)/267 = 1.44, which differs from it by 1/20, and we used that number to draw up a table of the specific heats of gases at constant volume. That table, then, shouldn’t be taken as very exact, any more than the table of specific heats under different pressures given below. These tables are meant mainly to bring out the laws that the specific heats of gases follow. ↩︎

				

					
					There’s no reason we can see to assume a priori that the specific heat of bodies is constant at different temperatures, that is, to assume that equal quantities of heat will produce equal rises in the thermometer reading of a body, even if the body changes neither its state nor its density; even if, for example, it is an elastic fluid shut in a chamber that can’t expand. Direct experiments on solids and liquids had shown that between 0° and 100°, equal additions of heat produced nearly equal rises of temperature. But the more recent experiments of Dulong and Petit (see Annales de chimie et de physique, February, March and April 1818) showed that this correspondence no longer holds at temperatures well above 100°, whether those temperatures are measured on the mercury thermometer or the air thermometer.

					Not only do specific heats fail to stay the same at different temperatures, they also fail to keep the same ratios to one another, so that no thermometer scale could make all specific heats constant at once. It would have been interesting to find out whether the same irregularities hold for gases, but there the experiments presented almost insurmountable difficulties.

					The irregularities in the specific heats of solids might be put down, it seems to us, to latent heat used to bring about the beginnings of melting, a softening that shows itself in most of these bodies long before they melt completely. This view can be supported by the following remark: by Dulong and Petit’s own experiments, specific heat increases with temperature faster in solids than in liquids, although liquids expand much more. The cause of irregularity we’ve just pointed out, if it is real, would disappear entirely in gases. ↩︎

				

					
					To find the arbitrary constants A, B, A′, B′ from results chosen in Dalton’s table, we must first calculate the volume of the steam from its pressure and temperature, which is easy with the laws of Mariotte and of Gay-Lussac, the weight of the steam being fixed.

					The volume will be given by the equation

					
						[image: v = c\,\frac{267 + t}{p},]
					

					in which v is the volume, t the temperature, p the pressure, and c a constant that depends on the weight of the steam and the units chosen.

					Here is the table of the volumes taken up by one gram of steam formed at different temperatures, and so at different pressures. The first column is t, in degrees centigrade; the second p, the pressure of the steam in millimeters of mercury; the third v, the volume of a gram of steam in liters.

					
						
							
								t p v
							

							
								0° 5.060 185.
							

							
								20 17.32 58.2
							

							
								40 53.00 20.4
							

							
								60 144.6 7.96
							

							
								80 352.1 3.47
							

							
								100 760.0 1.70
							

						

					

					The first two columns of this table are taken from Biot’s Traité de physique (vol. 1, pp. 272 and 531). The third is calculated by the formula above and from the experimental result that water turned to steam at atmospheric pressure takes up 1700 times as much space as it does as a liquid.

					Using three numbers from the first column and the three matching numbers from the third, one can easily find the constants of our equation

					
						[image: t = \frac{A + B \log v}{A' + B' \log v}.]
					

					We won’t go into the details of the calculation needed to find these quantities. It’s enough to say that the values

					
						[image: A = 2268,\quad A' = 19.64,\quad B = −1000,\quad B' = 3.30]
					

					satisfy the required conditions fairly well, so that

					
						[image: t = \frac{2268 - 1000 \log v}{19.64 + 3.30 \log v}]
					

					expresses very closely the relation between the volume of steam and its temperature.

					Notice that the quantity B′ is positive and very small, which tends to confirm the proposition that the specific heat of an elastic fluid increases with volume, but in a slowly rising progression. ↩︎

				

					
					If we granted that the specific heat of a gas stays constant when its volume doesn’t change but its temperature does, analysis could lead to a relation between motive power and degree of temperature. We’ll show how, which will also give us occasion to show how some of the propositions established above should be stated in the language of algebra.

					Let r be the quantity of motive power produced by the expansion of a given quantity of air passing from a volume of one liter to a volume of v liters at constant temperature. If v increases by the infinitely small amount dv, r will increase by the amount dr, which, by the nature of motive power, will equal the increase dv of volume multiplied by the expansive force the elastic fluid has at that moment. Calling that expansive force p, we have the equation

					
						[image: dr = p\,dv. \qquad (1)]
					

					Let the constant temperature at which the expansion takes place be t degrees centigrade. If we call q the elastic force of the air when it fills a volume of one liter at the same temperature t, we’ll have, by Mariotte’s law,

					
						[image: v: 1 :: q: p, \quad\text{whence}\quad p = \frac{q}{v}.]
					

					If now P is the elastic force of the same air, still filling the volume 1 but at a temperature of 0°, we’ll have, by Gay-Lussac’s rule,

					
						[image: q = P + \frac{P\,t}{267} = \frac{P}{267}\,(267 + t),]
					

					
						[image: \text{whence}\quad \frac{q}{v} = p = \frac{P}{267}\cdot\frac{267 + t}{v}.]
					

					If for short we call the quantity P/267 N, the equation becomes

					
						[image: p = N\,\frac{t + 267}{v},]
					

					from which we get, by equation (1),

					
						[image: dr = N\,\frac{t + 267}{v}\,dv.]
					

					Treating t as constant and integrating both sides, we have

					
						[image: r = N\,(t + 267)\log v + C.]
					

					If we suppose r = 0 when v = 1, we’ll have C = 0,

					
						[image: \text{whence}\quad r = N\,(t + 267)\log v. \qquad (2)]
					

					That’s the motive power produced by the expansion of air which, at temperature t, has passed from volume 1 to volume v.

					If instead of working at temperature t we work in exactly the same way at temperature t + dt, the power developed will be

					
						[image: r + \delta r = N\,(t + dt + 267)\log v.]
					

					Subtracting equation (2), we get

					
						[image: \delta r = N \log v \cdot dt. \qquad (3)]
					

					Let e be the quantity of heat used to keep the gas at a constant temperature while it expands. By the reasoning given for the air cycle, δr will be the power developed by the fall of the quantity e of heat from the degree t + dt to the degree t. If we call u the motive power developed by the fall of one unit of heat from the degree t to the degree 0°, then since by the general proposition this quantity u must depend on t alone, it can be represented by a function F(t), whence u = F(t).

					When t increases and becomes t + dt, u becomes u + du, whence

					u + du = F(t + dt) .

					Subtracting the previous equation, we get

					
						[image: du = F(t + dt) - F(t) = F'(t)\,dt.]
					

					This is plainly the quantity of motive power produced by the fall of one unit of heat from the degree t + dt to the degree t.

					If the quantity of heat had been e instead of one unit, the motive power produced would have been

					
						[image: e\,du = e\,F'(t)\,dt. \qquad (4)]
					

					But e du is the same thing as δr: both are the power developed by the fall of the quantity e of heat from the degree t + dt to the degree t. Consequently,

					
						[image: e\,du = \delta r;]
					

					and because of equations 3 and 4,

					
						[image: e\,F'(t)\,dt = N \log v \cdot dt;]
					

					or, dividing by F′(t) dt,

					
						[image: e = \frac{N}{F'(t)}\log v = T \log v,]
					

					calling T the fraction N/F′(t), which is a function of t alone.

					The equation [image: e = T \log v] is the analytical expression of the second theorem, the one on volumes in geometric progression. It holds for all gases, since the laws we’ve used hold for all of them.

					If we call s the quantity of heat needed to take the air we’ve been working on from volume 1 and temperature 0° to volume v and temperature t, the difference between s and e will be the quantity of heat needed to take the air, at volume 1, from 0° to t. This quantity depends on t alone. Let us call it U; it will be some function of t. We’ll have

					
						[image: s = e + U = T \log v + U.]
					

					If we differentiate this equation with respect to t alone, and write T′ and U′ for the differential coefficients of T and U, we get

					
						[image: \frac{ds}{dt} = T' \log v + U'. \qquad (5)]
					

					ds/dt is nothing other than the specific heat of the gas at constant volume, and our equation (5) is the analytical expression of the law stated earlier, that specific heat grows in arithmetic progression as volume grows in geometric.

					If we suppose the specific heat constant at all temperatures (the hypothesis discussed above), the quantity ds/dt will be independent of t. To satisfy equation (5) for two particular values of v, T′ and U′ will have to be independent of t. We’ll therefore have T′ = C, a constant quantity. Multiplying T′ and C by dt and integrating both sides, we find

					
						[image: T = C\,t + C_1;]
					

					but since T = N/F′(t), we have

					
						[image: F'(t) = \frac{N}{T} = \frac{N}{C\,t + C_1}.]
					

					Multiplying both sides by dt and integrating, we get

					
						[image: F(t) = \frac{N}{C}\log\,(C\,t + C_1) + C_2;]
					

					or, changing the arbitrary constants, and noting besides that F(t) is zero when t = 0°,

					
						[image: F(t) = A \log\left(1 + \frac{t}{B}\right). \qquad (6)]
					

					The nature of the function F(t) would thus be determined, and we would then be able to calculate the motive power developed by any fall of heat whatever. But this last conclusion rests on the hypothesis that the specific heat of a gas that doesn’t change volume is constant, a hypothesis experiment hasn’t yet confirmed well enough. Until further proof, our equation (6) can be accepted only over a moderate stretch of the thermometer scale.

					In equation (5) the left side represents, as we noted, the specific heat of air filling the volume v. Since experiment has shown that this heat varies little despite fairly large changes of volume, the coefficient T′ of log v must be a very small quantity. If we suppose it zero, and integrate the equation

					T′ = 0

					after multiplying it by dt, we find

					
						[image: T = C, \text{ a constant quantity;}]
					

					
						[image: \text{but}\quad T = \frac{N}{F'(t)};]
					

					
						[image: \text{whence}\quad F'(t) = \frac{N}{T} = \frac{N}{C} = A;]
					

					from which we get at last, by a second integration,

					
						[image: F(t) = A\,t + B.]
					

					Since F(t) = 0 when t = 0, B is zero, and so

					
						[image: F(t) = A\,t,]
					

					which means that the motive power produced would be exactly proportional to the fall of caloric. This is the analytical translation of what we said above, that the difference would vanish if air’s capacity for heat stayed constant. ↩︎

				

					
					In a memoir by Petit (Annales de chimie et de physique, July 1818, p. 294) there’s a calculation of the motive power of heat applied to air and to steam. It leads to the conclusion that atmospheric air has a great advantage, but it comes from a wholly incomplete way of looking at the action of heat. ↩︎

				

					
					Dalton thought he saw that the vapors of different liquids, at equal distances on the thermometer from their boiling points, have equal pressures. But this law isn’t strictly exact; it’s only approximate. The same is true of the law that the latent heat of vapors is proportional to their densities. (See the extracts from a memoir by C. Despretz, Annales de physique et de chimie, tome 16, p. 105, and tome 24, p. 323.) Questions of this kind are closely bound up with those of the motive power of fire. Quite recently H. Davy and Faraday, after some fine experiments on liquefying gases under great pressure, set out to find how the pressure of these liquefied gases changes for slight changes of temperature. They had in view the use of the new liquids to produce motive power. (See Annales de chimie et de physique, January 1824, p. 80.) By the theory set out above, one can foresee that these liquids would offer no advantage as regards economy of heat. Their advantages could lie only in the low temperature at which it would be possible to work, and in the sources from which, for that reason, it would become possible to draw caloric. ↩︎

				

					
					The data we lack are the expansive force solids and liquids acquire for a given rise of temperature, and the quantity of heat they absorb or give up when they change volume. ↩︎

				

					
					Recent experiments by Oersted on the compressibility of water have shown that under a pressure of 5 atmospheres the temperature of this liquid shows no appreciable change. (See Annales de physique et de chimie, February 1823, p. 192.) ↩︎

				

					
					This principle, the true foundation of the theory of steam engines, was set out very clearly by Clément in a memoir presented to the Académie des sciences a few years ago. The memoir has never been printed, but I owe my knowledge of it to the author’s kindness. In it the principle isn’t only established but applied to the various systems of steam engine now in use; the motive power of each is calculated with the help of the law of Clément and Desormes cited above and compared with the results of experience.

					The principle in question is so little known or so poorly appreciated that recently Perkins, a well-known engineer in London, built an engine in which steam formed at a pressure of 35 atmospheres, a pressure never used until then, undergoes almost no expansion, as the slightest acquaintance with the engine will show. It consists of a single cylinder of very small size which, at each stroke, fills completely with steam formed at a pressure of 35 atmospheres. The steam produces no effect by expanding, since it is given no space in which to expand; it is condensed as soon as it leaves the little cylinder. It works, then, only at a pressure of 35 atmospheres, and not, as its proper use would require, at pressures decreasing step by step. Accordingly Perkins’s engine doesn’t seem to be living up to the hopes it first raised. It was claimed that this engine saved 9/10 of the coal burned by good Watt engines, and that it had other advantages besides. (See Ann. de physique et de chimie, April 1823, p. 429.) These claims haven’t been borne out. Perkins’s engine is nonetheless a valuable invention, because it has shown that steam can be used at pressures far higher than before, and because, cleverly modified, it may lead to results that are really useful.

					Watt, to whom we owe almost all the great improvements in steam engines, and who brought them to a state of perfection hard to surpass today, was also the first to use steam at pressures decreasing step by step. In many cases he cut off the steam entering the cylinder at a half, a third or a quarter of the piston’s stroke, which was then completed under a weaker and weaker pressure. The first engines working on this principle date from 1778. Watt had conceived the idea as early as 1769, and took out a patent for it in 1782.

					Here is a table that was attached to Watt’s patent. He supposed the steam let into the cylinder during the first quarter of the piston’s stroke, then, dividing the stroke into twenty parts, calculated the mean pressure as follows. The left column gives the distance down from the top of the cylinder (the whole stroke being 1); the right column, the falling pressure of the steam (the full pressure being 1).

					
						
							
								Distance down Pressure
							

							
								0.05 1 Steam arriving freely
							

							
								0.10 1 from the boiler:
							

							
								0.15 1 full pressure.
							

							
								0.20 1
							

							
								0.25 (a quarter) 1
							

							
								0.30 0.830 Steam cut off; the piston
							

							
								0.35 0.714 descends by the
							

							
								0.40 0.625 expansion alone.
							

							
								0.45 0.655
							

							
								0.50 (a half) 0.500 Half the first pressure.
							

							
								0.55 0.454
							

							
								0.60 0.417
							

							
								0.65 0.385
							

							
								0.70 0.375
							

							
								0.75 0.333 A third.
							

							
								0.80 0.312
							

							
								0.85 0.294
							

							
								0.90 0.277
							

							
								0.95 0.262
							

							
								1.00 (the bottom) 0.025 A quarter.
							

							
								Sum 11.583
							

							
								Mean pressure 11.583/20 = 0.579
							

						

					

					On which he remarked that the mean pressure is more than half the first pressure, so that by using a quarter of the steam he produced more than half the effect.

					Watt assumed here that steam obeys Mariotte’s law as it expands. He shouldn’t have taken this as exact, because on the one hand the elastic fluid falls in temperature as it expands, and on the other nothing proved that part of it doesn’t condense through its expansion. Watt should also have allowed for the force needed to drive out the steam left after condensation, of which there’s more the further the expansion has been carried. Dr. Robison added to Watt’s work a simple formula for calculating the effect of the expansion of steam, but the formula suffers from the same faults we’ve just pointed out. It has nonetheless been useful to builders by giving them an approximate figure close enough for practice. We’ve thought it worth recalling these facts because they are little known, especially in France. Engines are built there on the inventors’ models, but the reasons that first guided the inventors are poorly understood. Forgetting those reasons has often led to serious mistakes. Engines that were well designed to begin with have been spoiled in the hands of unskilled builders who, wanting to bring in minor improvements, neglected the main considerations they were unable to appreciate. ↩︎

				

					
					Translator’s note. Each pressure after the cutoff is 0.25 divided by the distance traveled, and three entries in the 1824 table are misprints: 0.655 should be 0.555, 0.375 should be 0.357, and 0.025 at the bottom of the stroke should be 0.250. The sum, 11.583, is printed as Carnot gives it. ↩︎

				

					
					The advantage of two cylinders over one is easy to see. In a single cylinder the push on the piston would vary enormously from the beginning of the stroke to the end. All the parts that transmit the motion would have to be strong enough to withstand the first push, and fitted together perfectly to avoid jolts, which would do them great harm and would even soon destroy them. It would be above all on the beam, the supports, the connecting rod, the crank and the first toothed wheels that the uneven push would be felt and do the most damage. The steam cylinder would also have to be both strong enough to bear the highest pressure and large enough to hold the steam after its expansion, whereas with two cylinders in succession it’s enough to give the first strength with a modest capacity, which is easy, and the last great size with modest strength.

					Two-cylinder engines, though designed on fairly sound principles, often fall far short of the advantageous results one would be entitled to expect of them. This is mainly because the dimensions of their various parts are hard to get right and are seldom in proper proportion to one another. There are no good models for building two-cylinder engines, whereas there are excellent ones for engines on Watt’s system. Hence the variety seen in the performance of the first and the near uniformity seen in that of the second. ↩︎

				

					
					A good description of the steam engines now used in mining is to be found in the work entitled De la richesse minérale by Héron de Villefosse, 3rd vol., pp. 50 ff. In England steam engines have been treated fairly fully in the Encyclopaedia Britannica. Some of the data we use here are taken from that work. ↩︎

				

					
					Among the attempts to develop the motive power of fire by means of atmospheric air, special mention is due to those of the Niépce brothers, made in France several years ago with an apparatus the inventors called the pyréolophore. The apparatus was roughly as follows. It was a cylinder fitted with a piston, into which atmospheric air was let at ordinary density. A highly combustible substance, ground very fine, was blown in and hung for a moment in the air, and then it was set alight. The ignition had much the same effect as if the elastic fluid had been a mixture of air and a combustible gas, air and carbureted hydrogen, for example. There was a kind of explosion and a sudden expansion of the elastic fluid, which was put to use by making all of it act against the piston. The piston was driven through some distance, and motive power was thus realized. Nothing then prevented one from renewing the air and starting an operation like the first.

					This machine, very ingenious and interesting above all for the novelty of its principle, failed on one essential point. The substance used as fuel (lycopodium powder, the kind used to make flames on our stages) was too expensive, and that alone was enough to cancel any advantage. Unfortunately it was hard to use a fuel of moderate price, since what was needed was a very fine powder that would catch fire quickly, spread the flame easily, and leave little or no ash.

					Instead of working as the Niépces did, it would have seemed better to us to compress the air with air pumps; to pass it through a completely closed furnace into which the fuel was fed in small portions by some mechanism easy to imagine; to let it do its work in a cylinder with a piston or in any other chamber able to enlarge; and finally to throw it out into the atmosphere, or even pass it under a steam boiler to make use of the heat it still had.

					The main difficulties one would have met in working this way would have been to enclose the furnace in a casing strong enough while still keeping the burning in a proper state, to keep the various parts of the apparatus at a moderate temperature, and to prevent rapid wear of the cylinder and piston. We don’t think these difficulties insurmountable.

					Successful trials are said to have been made very recently in England in developing motive power by the action of heat on atmospheric air. We have no idea what these trials consisted of, if indeed they took place at all. ↩︎

				

					
					The result we report here was given by an engine whose large cylinder is 45 inches in diameter with a 7-foot stroke; it is used to pump out one of the Cornish mines, called Wheal Abraham. The result should be regarded as something of an exception, since it was only temporary and held for just one month. A figure of 30 million pounds raised one English foot per bushel of coal of 88 pounds is generally reckoned an excellent result for steam engines; it is sometimes reached by engines on Watt’s system, but very rarely exceeded. In French measures this figure comes to 104000 kilograms raised one meter per kilogram of coal burned.

					By what is usually meant by a horsepower in rating steam engines, a 10-horsepower engine must raise 10 × 75 kilograms, or 750 kilograms, one meter every second, or, every hour, 750 × 3600 = 2700000 kilograms one meter. If we suppose that each kilogram of coal raises 104000 kilograms that height, then to find how much coal our 10-horsepower engine burns in an hour we must divide 2700000 by 104000, which gives 2700/104 = 26 kilograms. And it is very rare to see a 10-horsepower engine burn less than 26 kilograms of coal an hour. ↩︎

				

			

		
	
		
			Three Books to Read Next

			
					
					On the Various Forces of Nature, by Michael Faraday

					Faraday’s Christmas lectures of 1859 drive gravitation, chemical affinity, heat, magnetism and electricity toward one claim, the correlation of the physical forces: each can be turned into the others. That idea, made exact by Joule, is the one that overturned the caloric theory Carnot reasoned in.

				

					
					Science and Hypothesis, by Henri Poincaré

					Poincaré’s best example of a law that survives the theory it came from is Carnot’s principle. Carnot reached it from a false hypothesis, Clausius kept the true relations and lopped off the dead branches, and Poincaré asks what that says about how much of physics we can trust.

				

					
					The Chemical History of a Candle, by Michael Faraday

					Carnot measures his fuel by the heat it gives in burning; Faraday, in his last Christmas course, takes one burning candle and asks what burning is. Wax, wick, flame and the air it feeds on: by the end he has shown that breathing is the same chemistry.
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