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    Understanding power begins with understanding how it is made. Dionysius Lardner’s The Steam Engine Familiarly Explained and Illustrated presents the steam engine to general readers as a knowable, orderly system rather than an arcane marvel. Written for a broad audience, it breaks down core ideas without assuming prior technical training. The book’s approach aligns with nineteenth-century efforts to spread practical knowledge, presenting steam not as magic but as a subject that yields to reasoned explanation. It invites readers to see industrial technology as both intelligible and consequential, guiding them from curiosity to comprehension with a deliberate, methodical tone.

This work belongs to popular science and technical instruction, produced in Britain during the early nineteenth century, when the steam engine was transforming daily life. Published in that context and circulated widely through the century, it speaks from a moment when new machines were quickly reshaping transport, manufacturing, and communication. The emphasis on familiar explanation and illustration situates the book among educational efforts aimed at non-specialists who needed clear guidance to grasp rapidly advancing technology. Without assuming professional training, it positions itself as a bridge between workshop practice, emerging scientific knowledge, and a public eager to understand the engines around them.

Readers encounter a sustained, carefully staged exposition rather than a terse manual. Lardner proceeds from first principles to recognizable applications, using accessible language and a consistent, instructional voice. The descriptions favor step-by-step reasoning, inviting the reader to follow how heat becomes motion and how components interact to produce predictable effects. The mood is explanatory and confident, showing how complex results arise from simple, comprehensible causes. The illustrations signaled in the title underscore this aim: visual aids support the verbal explanations to clarify structure and function. The overall experience is that of a patient teacher guiding attentive students through a demanding but graspable subject.

Underlying the technical content is a theme of democratized knowledge: the conviction that public understanding of machinery serves both individual empowerment and social progress. The book stresses clarity, transparency, and the value of method—qualities that encourage readers to trust carefully observed facts over speculation. It also foregrounds the partnership of theory and practice, showing how general principles gain meaning in concrete mechanisms. By presenting the steam engine in logical, cumulative steps, it models how to reason about systems, troubleshoot problems, and evaluate claims. The result is a framework for learning that extends beyond steam power to technology literacy more broadly.

Historically, the work stands at the crossroads of scientific explanation and industrial transformation. It speaks to a period when steam power underpinned new forms of mobility and productivity, reshaping distances, schedules, and expectations. Without descending into trade secrecy or engineering jargon, the book sets the engine within its practical milieu—powering machinery, enabling transport, and altering the rhythms of commerce and society. Its emphasis on intelligibility reflects a broader cultural need: users, workers, and citizens were encountering unprecedented machines and required trustworthy guides. Lardner’s volume answers that need with disciplined exposition, making an emblem of the age legible to those living through it.

Contemporary readers may find in this treatise a prototype for effective science communication. Its commitment to clear definitions, incremental argument, and illustrative support anticipates modern best practices in technical education. It also demonstrates how explaining infrastructure can cultivate informed engagement with public choices about energy, safety, and innovation. Even as materials, standards, and terminology have evolved, the book’s method shows how to translate specialist knowledge into common understanding without sacrificing rigor. That approach remains relevant wherever complex systems touch everyday life, inviting careful attention to causes, constraints, and consequences rather than awe, hype, or unexamined skepticism.

Approached today, The Steam Engine Familiarly Explained and Illustrated offers a dual pleasure: a lucid account of a foundational technology and a historical snapshot of how knowledge was taught in the industrial era. Readers interested in engineering history, the evolution of public education in science, or the cultural meaning of machines will find sustained, disciplined clarity. The prose moves with pedagogical patience, guiding without condescension and emphasizing understanding over spectacle. It rewards slow reading, note-taking, and reflection on how explanation becomes a tool of civic and technical literacy. In making the engine familiar, it makes inquiry itself a familiar habit.
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    The book introduces the steam engine to a general readership, aiming to explain its action in plain terms and with simple illustrations. Lardner states the practical object: to show how heat produces mechanical effect and how common engine parts cooperate. He begins by defining steam as elastic vapor from heated water and by outlining the overall cycle of generation, motion, and return. The reader is oriented to the typical engine layoutboiler, cylinder, piston, condenser, and motion worksand to the kinds of work performed, such as pumping, turning machinery, and propulsion. The narrative promises gradual progress from first principles to modern applications.

He next surveys the physical laws on which engines depend. The properties of heat, temperature, and pressure are explained using boiling water as a standard case. Elasticity of steam, its expansion with heat, and the reduction of volume by condensation are related to measurable forces. The connection between pressure and boiling point is used to show why steam under a lid acts differently from steam in the open air. Latent heat is introduced to account for the large quantity of heat absorbed and released without temperature change. Simple instruments, including the thermometer, barometer, and manometer, are described as the means of observing these effects.

With these preliminaries, the book recounts the earliest attempts to obtain power from steam. The devices of Savery and Papin are briefly noticed as showing the idea of using heat and condensation to raise water. The atmospheric engine of Newcomen is then described in detail: steam fills a cylinder, a jet of cold water condenses it, and atmospheric pressure drives the piston. Its chief arrangementsbeam, pumps, valves, and injectionare explained. The limitations are stated plainly: slow action, heavy fuel consumption, and waste from cooling the cylinder. This prepares the ground for the subsequent improvements that made the engine more rapid and economical.

The narrative proceeds to James Watts improvements, presented as remedies for identified defects. The separate condenser prevents cooling the working cylinder, saving heat and accelerating action. A steam jacket and better packing reduce losses. Double-acting operation applies steam alternately above and below the piston, giving power on both strokes. Parallel motion and the sun-and-planet gear convert reciprocation to rotation, while the centrifugal governor regulates speed. The air-pump, condenser, and hot well are shown as a connected system. The principle of expansive working with early cutoff is introduced. Watts horse-power and the indicator for tracing pressures provide means to compare work and economy.

Having established the modern condensing engine, the book examines boilers and the generation of steam. It distinguishes low-pressure and high-pressure practice, and shows how strength, form, and water circulation affect safety and efficiency. Fire-place, flues, and draft are explained, with remarks on coal selection and the influence of air supply. Water-level gauges, safety-valves, and fusible plugs are presented as protections, with cautions on tampering. Feed apparatus and the return of hot water through the hot well are described. Scale, corrosion, and soot are treated as sources of waste. The causes and effects of boiler explosions are analyzed to promote careful management.

Different engine arrangements are then compared to show their suitability for tasks. Beam engines for pumping are contrasted with rotative mill engines. Non-condensing, or high-pressure, engines dispense with the condenser and discharge steam to the atmosphere, gaining simplicity with increased fuel use. The Cornish system of expansive working with high-pressure steam is outlined, emphasizing duty and the cycle of admission, expansion, and condensation. Valves and valve-gear, including slide-valves and plug-frames, are described. The indicator diagram is used to visualize pressure during the stroke. Friction, leakage, and windage are enumerated among the causes of loss, and rules are given for estimation.

The locomotive engine receives a separate explanation as a compact, high-pressure, non-condensing machine. Its principal partsthe fire-box, multitubular boiler, cylinder, valves, connecting-rods, and driving-wheelsare described with their arrangement upon a frame. The blast-pipes action in maintaining the fire through the chimney is explained, along with the effect of speed on draft. Adhesion of the wheels, the distribution of weight, and the limits imposed by gradients and curves are considered. Methods of feeding water, managing fuel, and regulating valves are stated. Comparative performance, loads, and velocities are reported from practice to show the power available for railway service.

Marine engines are next reviewed, exhibiting the adaptation of steam power to navigation. The forms chiefly noticed are side-lever, beam, and steeple engines driving paddle-wheels. Arrangements for condensation with sea-water are explained, including the jet and condenser, air-pump, and hot well, with remarks on salting of boilers and blow-off. The disposition of machinery in the hull, the effect on stability, and the provision for fuel and water are outlined. The means of reversing and regulating speed are described. Trials of steam vessels are cited to illustrate consumption and endurance. The chapter shows the special conditions of at-sea service and corresponding precautions.

In concluding sections, the book collects practical rules and examples to guide operators and readers. It compares steam power with animal, wind, and water power in cost, constancy, and controllability, using numerical estimates where available. Directions for starting, stopping, and maintaining engines emphasize regular inspection and the avoidance of known dangers. The social uses of steamin mines, mills, transport, and domestic economyare enumerated to indicate its extensive agency. The general message is that clear knowledge of principles, supported by observation, makes the engine safe and useful. The exposition closes by anticipating further improvements grounded in the same simple laws.
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    Dionysius Lardner’s The Steam Engine Familiarly Explained and Illustrated emerged in late 1820s London, at the height of Britain’s Industrial Revolution. The metropolis was the hub of publishing and scientific lecturing, while regional powerhouses—Birmingham, Manchester, Glasgow, and Newcastle—were transforming coal, iron, and engineering into national strength. Canals were giving way to rails; mills and mines reorganized labor and time. Lardner, an Irish-born science popularizer, wrote for urban readers eager to grasp the machinery reshaping society. The book’s successive editions through the 1830s mirror a rapidly changing technological landscape, embedding the work in a post-Napoleonic, commercially expansionist Britain that prized practical science and public instruction.

Foundational inventions anchor Lardner’s narrative. Thomas Savery’s Miners’ Friend (1698) proposed pumping by steam; Thomas Newcomen’s atmospheric engine (first practical engine, 1712, near Dudley) realized it at scale, draining mines across Britain. John Smeaton’s improvements in the 1760s boosted efficiency, paving the way for James Watt’s separate condenser (1765) and patent (1769), commercialized with Matthew Boulton from the Soho Manufactory in Birmingham. These engines powered mills, breweries, and mines by the 1780s–1790s. Lardner’s book reconstructs this lineage with diagrams and clear exposition, presenting the steam engine as a cumulative achievement of named inventors, workshops, and regions rather than a sudden miracle of progress.

Patent politics decisively shaped steam’s trajectory. Parliament extended Watt’s 1769 patent to 1800 (15 Geo. III, c. 61, 1775), giving Boulton & Watt market control. Litigation such as Boulton and Watt v. Bull (1799) affirmed claims to the separate condenser, restricting rivals until the monopoly lapsed. After 1800, Richard Trevithick’s high-pressure engines—road carriage at Camborne (1801) and the Penydarren locomotive in Wales (1804)—and Arthur Woolf’s compound engines (c. 1804–1805) advanced performance and compactness. Lardner explains low- versus high-pressure practice, expansive working, and safety, linking technical choices to legal and commercial contexts that his readers would have known from recent controversies.

The railway breakthrough catalyzed public fascination. The Stockton & Darlington Railway opened in 1825 under George Stephenson’s guidance; the Rainhill Trials (October 1829) on the Liverpool & Manchester Railway rewarded the Rocket’s multitubular boiler and blastpipe; and regular intercity service began between Liverpool and Manchester in 1830, when MP William Huskisson was fatally struck at the opening. Speeds above 25–30 mph were demonstrated. Lardner incorporated locomotive boilers, valve gear, and resistance calculations into later editions and lectures, sometimes cautioning about air resistance and safety at very high speeds. The book thus became a primer for readers encountering railways as an everyday, disruptive force.

Steam navigation broadened the engine’s sphere. Robert Fulton’s Clermont ran on the Hudson in 1807; Henry Bell’s Comet plied the Clyde in 1812; and the hybrid SS Savannah crossed the Atlantic in 1819. In 1838, Brunel’s SS Great Western, built for the Great Western Steamship Company, sailed from Bristol and reached New York on 23 April, inaugurating viable transatlantic steam service. Lardner had publicly doubted the coal economics of such voyages, a debate he revisited as marine engines improved and hulls lengthened. The book’s marine chapters, treating condensers, paddlewheels, and later screw propellers, reflect a Britain aligning steam power with imperial trade routes and maritime competition.

Cornish mining drove thermodynamic improvement. From 1811, Lean’s Engine Reporter measured “duty” (work per bushel of coal), spurring competitive gains from roughly 20–30 million to over 80 million foot‑pounds by the late 1820s–1830s. Engineers like Trevithick and Woolf refined expansive working, improved valve gear, and optimized boiler design for high-pressure pumping engines, while deeper shafts and the Davy lamp (1815) enabled riskier exploitation of coal seams. Lardner analyzes expansive cycles, condensation, and feedwater arrangements, using Cornish data to teach efficiency to artisans and mine captains. His accessible exposition translated regional engineering practice into general principles for a national audience.

A new culture of public science framed the book’s reception. Mechanics’ Institutes (Edinburgh, 1821; London, 1823 under George Birkbeck), the Society for the Diffusion of Useful Knowledge (1826), and the British Association for the Advancement of Science (1831) promoted technical literacy. Cheap engravings, subscription libraries, and lecture circuits drew artisans, clerks, and manufacturers. Lardner—editor of the Cabinet Cyclopaedia (from 1830)—aimed his steam treatise at this readership, blending workshop detail with classroom clarity. By aligning with institutional efforts to democratize knowledge, the book both mirrored and propelled a social movement that treated mastery of machines as civic competence and a prerequisite for economic advancement.

As social and political critique, the book implicitly challenges privilege based on secrecy and monopoly by making the engine’s principles public, advocating competence over mystique. Its attention to boiler explosions, braking, and disciplined maintenance echoes contemporary calls for standards and, later, state inspection of railways (Board of Trade oversight from 1840). By mapping how coal, capital, and calculation generate mobility, it exposes the era’s inequalities: those with technical knowledge and access to infrastructure move and profit; others serve or are displaced. Lardner’s caution toward speed and grandiose schemes questions speculative excess, urging responsible innovation in a society strained by rapid industrial change.
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Motion the Agent in Manufactures. — Animal Power. — Power depending on Physical Phenomena. — Purpose of a Machine. — Prime Mover[1]. — Mechanical qualities of the Atmosphere. — Its Weight. — The Barometer[2]. — Fluid Pressure. — Pressure of Rarefied Air. — Elasticity of Air[3]. — Bellows. — Effects of Heat. — Thermometer. — Method of making one. — Freezing and Boiling Points. — Degrees. — Dilatation of Bodies. — Liquefaction and Solidification. — Vaporisation and Condensation. — Latent heat of Steam[4]. — Expansion of Water in Evaporating. — Effects of Repulsion and Cohesion. — Effect of Pressure upon Boiling-Point. — Formation of a Vacuum by Condensation.

(1.) Of the various productions designed by nature to supply the wants of man, there are few which are suited to his necessities in the state in which the earth spontaneously offers them: if we except atmospheric air, we shall scarcely find another instance: even water, in most cases, requires to be transported from its streams or reservoirs; and food itself, in almost every form, requires culture and preparation. But if, from the mere necessities of physical existence in a primitive state, we rise to the demands of civil and social life,—to say nothing of luxuries and refinements,—we shall find that everything which contributes to our convenience,  or ministers to our pleasure, requires a previous and extensive expenditure of labour. In most cases, the objects of our enjoyment derive all their excellences, not from any qualities originally inherent in the natural substances out of which they are formed, but from those qualities which have been bestowed upon them by the application of human labour and human skill.

In all those changes to which the raw productions of the earth are submitted in order to adapt them to our wants, one of the principal agents is motion. Thus, for example, in the preparation of clothing for our bodies, the various processes necessary for the culture of the cotton require the application of moving power, first to the soil, and subsequently to the plant from which the raw material is obtained: the wool must afterwards be picked and cleansed, twisted into threads, and woven into cloth. In all these processes motion is the agent: to cleanse the wool and arrange the fibres of the cotton, the wool must be beaten, teased, carded, and submitted to other processes, by which all the foreign and coarser matter may be separated, and the fibres or threads arranged evenly, side by side. The threads must then receive a rotatory motion, by which they may be twisted into the required form; and finally peculiar motions must be given to them in order to produce among them that arrangement which characterises the cloth which it is our final purpose to produce.

In a rude state of society, the motions required in the infant manufactures are communicated by the immediate application of the hand. Observation and reflection, however, soon suggest more easy and effectual means of attaining these ends: the strength of animals is first resorted to for the relief of human labour. Further reflection and inquiry suggest still better expedients. When we look around us in the natural world, we perceive inanimate matter undergoing various effects in which motion plays a conspicuous part: we see the falls of cataracts, the currents of rivers, the elevation  and depression of the waters of the ocean, the currents of the atmosphere; and the question instantly arises, whether, without sharing our own means of subsistence with the animals whose force we use, we may not equally, or more effectually, derive the powers required from these various phenomena of nature? A difficulty, however, immediately presents itself: we require motion of a particular kind; but wind will not blow, nor water fall as we please, nor as suits our peculiar wants, but according to the fixed laws of nature. We want an upward motion; water falls downwards: we want a circular motion; wind blows in a straight line. The motions, therefore, which are in actual existence must be modified to suit our purposes: the means whereby these modifications are produced, are called machines. A machine, therefore, is an instrument interposed between some natural force or motion, and the object to which force or motion is desired to be transmitted. The construction of the machine is such as to modify the natural motion which is impressed upon it, so that it may transmit to the object to be moved that peculiar species of motion which it is required to have. To give a very obvious example, let us suppose that a circular or rotatory motion is required to be produced,[1q] and that the only natural source of motion at our command is a perpendicular fall of water: a wheel is provided, placed upon the axle destined to receive the rotatory motion; this wheel is furnished with cavities in its rim; the water is conducted into the cavities near the top of the wheel on one side; and being caught by these, its weight bears down that side of the wheel, the cavities on the opposite side being empty and in an inverted position. As the wheel turns, the cavities on the descending side discharge their contents as they arrive near the lowest point, and ascend empty on the other side. Thus a load of water is continually pressing down one side of the wheel, from which the other side is free, and a continued motion of rotation is produced.

 In every machine, therefore, there are three objects demanding attention:—first, The power which imparts motion to it, this is called the prime mover; secondly, The nature of the machine itself; and thirdly, The object to which the motion is to be conveyed. In the steam engine the first mover arises from certain phenomena which are exhibited when heat is applied to liquids; but in the details of the machine and in its application there are several physical effects brought into play, which it is necessary perfectly to understand before the nature of the machine or its mode of operation can be rendered intelligible. We propose therefore to devote the present chapter to the explanation and illustration of these phenomena.

(2.) The physical effects most intimately connected with the operations of steam engines are some of the mechanical properties of atmospheric air. The atmosphere is the thin transparent fluid in which we live and move, and which, by respiration, supports animal life. This fluid is apparently so light and attenuated, that it might be at first doubted whether it be really a body at all. It may therefore excite some surprise when we assert, not only that it is a body, but also that it is one of considerable weight. We shall be able to prove that it presses on every square inch[1] of surface with a weight of about 15lb. avoirdupois.

(3.) Take a glass tube A B (fig. 2.) more than 32 inches long, open at one end A, and closed at the other end B, and let it be filled with mercury (quicksilver.) Let a glass vessel or cistern C, containing a quantity of mercury, be also provided. Applying the finger at A so as to prevent the mercury in the tube from falling out, let the tube be inverted, and the end, stopped by the finger, plunged into the mercury in C. When the end of the tube is below the surface  of the mercury in C (fig. 3.) let the finger be removed. It will be found that the mercury in the tube will not, as might be expected, fall to the level of the mercury in the cistern C, which it would do were the end B open so as to admit the air into the upper part of the tube. On the other hand, the level D of the mercury in the tube will be about 30 inches above the level C of the mercury in the cistern.

(4.) The cause of this effect is, that the weight of the atmosphere rests on the surface C of the mercury in the cistern, and tends thereby to press it up, or rather to resist its fall in the tube; and as the fall is not assisted by the weight of the atmosphere on the surface D (since B is closed), it follows, that as much mercury remains suspended in the tube above the level C as the weight of the atmosphere is able to support.

If we suppose the section of the tube to be equal to the magnitude of a square inch, the weight of the column of mercury in the tube above the level C will be exactly equal to the weight of the atmosphere on each square inch of the surface C. The height of the level D above C being about 30 inches, and a column of mercury two inches in height, and having a base of a square inch, weighing about one pound avoirdupois, it follows that the weight with which the atmosphere presses on each square inch of a level surface is about 15lb. avoirdupois.

An apparatus thus constructed, and furnished with a scale to indicate the height of the level D above the level C, is the common barometer. The difference of these levels is subject to a small variation, which indicates a corresponding change in the atmospheric pressure. But we take 30 inches as a standard or average.

(5.) It is an established property of fluids that they press equally in all directions; and air, like every other fluid, participates in this quality. Hence it follows, that since the downward pressure or weight of the atmosphere is about 15lb. on the square inch, the lateral, upward, and oblique  pressures are of the same amount. But, independently of the general principle, it may be satisfactory to give experimental proof of this.

Let four glass tubes A, B, C, D, (fig. 4.) be constructed of sufficient length, closed at one end A, B, C, D, and open at the other. Let the open ends of three of them be bent, as represented in the tubes B, C, D. Being previously filled with mercury, let them all be gently inverted so as to have their closed ends up as here represented. It will be found that the mercury will be sustained in all,[2] and that the difference of the levels in all will be the same. Thus the mercury is sustained in A by the upward pressure of the atmosphere, in B by its horizontal or lateral pressure, in C by its downward pressure, and in D by its oblique pressure; and as the difference of the levels is the same in all, these pressures are exactly equal.

(6.) In the experiment described in (3.) the space B D (fig. 3.) at the top of the tube from which the mercury has fallen is perfectly void and empty, containing neither air nor any other fluid: it is called therefore a vacuum. If, however, a small quantity of air be introduced into that space, it will immediately begin to exert a pressure on D, which will cause the surface D to descend, and it will continue to descend until the column of mercury C D is so far diminished that the weight of the atmosphere is sufficient to sustain it, as well as the pressure exerted upon it by the air in the space B D.

The quantity of mercury which falls from the tube in this case is necessarily an equivalent for the pressure of the air introduced, so that the pressure of this air may be exactly ascertained by allowing about one pound per square inch for every two inches of mercury which has fallen from the tube. The pressure of the air or any other fluid above the  mercury in the tube, may at once be ascertained by comparing the height of the mercury in the tube with the height of the barometer; the difference of the heights will always determine the pressure on the surface of the mercury in the tube. This principle will be found of some importance in considering the action of the modern steam engines.

The air which we have supposed to be introduced into the upper part of the tube, presses on the surface of the mercury with a force much greater than its weight. For example, if the space B D (fig. 3.) were filled with atmospheric air in its ordinary state, it would exert a pressure on the surface D equal to the whole pressure of the atmosphere, although its weight might not amount to a single grain. The property in virtue of which the air exerts this pressure is its elasticity, and this force is diminished in precisely the proportion in which the space which the air occupies is increased.

Thus it is known that atmospheric air in its ordinary state exerts a pressure on the surface of any vessel in which it is confined, amounting to about 15lb. on every square inch. If the capacity of the vessel which contains it be doubled, it immediately expands and fills the double space, but in doing so it loses half its elastic force, and presses only with the force of 7-1/2lb. on every square inch. If the capacity of the vessel had been enlarged five times, the air would still have expanded so as to fill it, but would exert only a fifth part of its first pressure, or 3lb. on every square inch.

This property of losing its elastic force as its volume or bulk is increased, is not peculiar to air. It is common to all elastic fluids, and we accordingly find it in steam; and it is absolutely necessary to take account of it in estimating the effects of that agent.

(7.) There are numerous instances of the effects of these properties of atmospheric air which continually fall under our observation. If the nozzle and valve-hole of a pair of bellows be stopped, it will require a very considerable force to separate the boards. This effect is produced by the diminished  elastic force of the air remaining between the boards upon the least increase of the space within the bellows, while the atmosphere presses, with undiminished force, on the external surfaces of the boards. If the boards be separated so as to double the space within, the elastic force of the included air will be about 7-1/2lb. on every square inch, while the pressure on the external surfaces will be 15lb. on every square inch; consequently, it will require as great a force to sustain the boards in such a position, as it would to separate them if each board were forced against the other, with a pressure of 7-1/2lb. per square inch on their external surfaces.

When boys apply a piece of moistened leather to a stone, so as to exclude the air from between them, the stone, though it be of considerable weight, may be lifted by a string attached to the leather: the cause of which is the atmospheric pressure, which keeps the leather and the stone in close contact.

(8.) The next class of physical effects which it is necessary to explain, are those which are produced when heat is imparted or abstracted from bodies.

In general, when heat is imparted to a body, an enlargement of bulk will be the immediate consequence, and at the same time the body will become warmer to the touch. These two effects of expansion and increase of warmth going on always together, the one has been taken as a measure of the other; and upon this principle the common thermometer is constructed. That instrument consists of a tube of glass, terminated in a bulb, the magnitude of which is considerable, compared with the bore of the tube. The bulb and part of the tube are filled with mercury, or some other liquid. When the bulb is exposed to any source of heat, the mercury contained in it, being warmed or increased in temperature, is at the same time increased in bulk, or expanded or dilated, as it is called. The bulb not having sufficient capacity to contain the increased bulk of mercury, the liquid is  forced up in the tube, and the quantity of expansion is determined by observing the ascent of the column in the tube.

An instrument of this kind, exposed to heat or cold, will fluctuate accordingly, the mercury rising as the heat to which it is exposed is increased, and falling by exposure to cold. In order, however, to render it an accurate measure of temperature, it is necessary to connect with it a scale by which the elevation or depression of the mercury in the tube may be measured. Such a scale is constructed for thermometers in this country in the following manner:—Let us suppose the instrument immersed in a vessel of melting ice: the column of mercury in the tube will be observed to fall to a certain point, and there maintain its position unaltered: let that point be marked upon the tube. Let the instrument be now transferred to a vessel of boiling water at a time when the barometer stands at the altitude of 30 inches: the mercury in the tube will be observed to rise until it attain a certain elevation, and will there maintain its position. It will be found, that though the water continue to be exposed to the action of the fire, and continue to boil, the mercury in the tube will not continue to rise, but will maintain a fixed position: let the point to which the mercury has risen, in this case, be likewise marked upon the tube.

The two points, thus determined, are called the freezing and the boiling points. If the distance upon the tube between these two points be divided into 180 equal parts, each of these parts is called a degree; and if this division be continued, by taking equal divisions below the freezing point, until 32 divisions be taken, the last division is called the zero, or nought of the thermometer. It is the point to which the mercury would fall, if the thermometer were immersed in a certain mixture of snow and salt. When thermometers were first invented, this point was taken as the zero point, from an erroneous supposition that the temperature of such a mixture was the lowest possible temperature.

The degrees upon the instrument thus divided are counted  upwards from the zero, and are expressed, like the degrees of a circle, by placing a small ° over the number. Thus it will be perceived that the freezing point is 32° of our thermometer, and the boiling-point will be found by adding 180° to 32°; it is therefore 212°.

The temperature of a body is that elevation to which the thermometer would rise when the mercury enclosed in it would acquire the same temperature. Thus, if we should immerse the thermometer, and should find that the mercury would rise to the division marked 100°, we should then affirm that the temperature of the water was 100°.

(9.) The dilatation which attends an increase of temperature is one of the most universal effects of heat. It varies, however, in different bodies: it is least in solid bodies; greater in liquids; and greatest of all in bodies in the aeriform state. Again, different solids are differently susceptible of this expansion. Metals are the most susceptible of it; but metals of different kinds are differently expansible.

As an increase of temperature causes an increase of bulk, so a diminution of temperature causes a corresponding diminution of bulk, and the same body always has the same bulk at the same temperature.

A flaccid bladder, containing a small quantity of air, will, when heated, become quite distended; but it will again resume its flaccid appearance when cold. A corked bottle of fermented liquor, placed before the fire, will burst by the effort of the air contained in it to expand when heated.

Let the tube A B (fig. 5.) open at both ends, have one end inserted in the neck of a vessel C D, containing a coloured liquid, with common air above it; and let the tube be fixed so as to be air-tight in the neck: upon heating the vessel, the warm air inclosed in the vessel C D above the liquid will begin to expand, and will press upon the surface of the liquid, so as to force it up in the tube A B.

In bridges and other structures, formed of iron, mechanical provisions are introduced to prevent the fracture or  strain which would take place by the expansion and contraction which the metal must undergo by the changes of temperature at different seasons of the year, and even at different hours of the day.

Thus all nature, animate and inanimate, organized and unorganized, may be considered to be incessantly breathing heat; at one moment drawing in that principle through all its dimensions, and at another moment dismissing it.

(10.) Change of bulk, however, is not the only nor the most striking effect which attends the increase or diminution of the quantity of heat in a body. In some cases, a total change of form and of mechanical qualities is effected by it. If heat be imparted in sufficient quantity to a solid body, that body, after a certain time, will be converted into a liquid. And again, if heat be imparted in sufficient quantity to this liquid, it will cease to exist in the liquid state, and pass into the form of vapour.

By the abstraction of heat, a series of changes will be produced in the opposite order. If from the vapour produced in this case, a sufficient quantity of heat be taken, it will return to the liquid state; and if again from this liquid heat be further abstracted, it will at length resume its original solid state.

The transmission of a body from the solid to the liquid state, by the application of heat, is called fusion or liquefaction, and the body is said to be fused, liquefied, or melted.

The reciprocal transmission from the liquid to the solid state, is called congelation, or solidification; and the liquid is said to be congealed or solidified.

The transmission of a body from the liquid to the vaporous or aeriform state, is called vaporization, and the liquid is said to be vaporized or evaporated.

The reciprocal transmission of vapour to the liquid state is called condensation, and the vapour is said to be condensed.

 We shall now examine more minutely the circumstances which attend these remarkable and important changes in the state of body.

(11.) Let us suppose that a thermometer is imbedded in any solid body; for example, in a mass of sulphur; and that it stands at the ordinary temperature of 60 degrees: let the sulphur be placed in a vessel, and exposed to the action of fire. The thermometer will now be observed gradually to rise, and it will continue to rise until it exhibit the temperature of 218°. Here, however, notwithstanding the continued action of the fire upon the sulphur, the thermometer will become stationary; proving, that notwithstanding the supply of heat received from the fire, the sulphur has ceased to become hotter. At the moment that the thermometer attains this stationary point, it will be observed that the sulphur has commenced the process of fusion; and this process will be continued, the thermometer being stationary, until the whole mass has been liquefied. The moment the liquefaction is complete, the thermometer will be observed again to rise, and it will continue to rise until it attain the elevation of 570°. Here, however, it will once more become stationary; and notwithstanding the heat supplied to the sulphur by the fire, the liquid will cease to become hotter: when this happens, the sulphur will boil; and if it continue to be exposed to the fire a sufficient length of time, it will be found that its quantity will gradually diminish, until at length it will all disappear from the vessel which contained it. The sulphur will, in fact, be converted into vapour.

From this process we infer, that all the heat supplied during the processes of liquefaction and vaporization is consumed in effecting these changes in the state of the body; and that under such circumstances, it does not increase the temperature of the body on which the change is produced.

These effects are general: all solid bodies would pass into the liquid state by a sufficient application of heat; and all  liquid bodies would pass into the vaporous state by the same means. In all cases the thermometer would be stationary during these changes, and consequently the temperature of the body, in those periods, would be maintained unaltered.

(12.) Solids differ from one another in the temperatures at which they become liquid. These temperatures are called their melting points. Thus the melting point of ice is 32°; that of lead 612°; that of gold 5237°.[3] The heat which is supplied to a body during the processes of fusion or vaporization, and which does not affect the thermometer, or increase the temperature of the body fused or vaporized, is said to become latent. It can be proved to exist in the body fused or vaporized, and may even be taken from that body. In parting with it the body does not fall in temperature, and consequently the loss of this heat is not indicated by the thermometer any more than its reception. The term latent heat is merely intended to express this fact, of the thermometer being insensible to the presence or absence of this portion of heat, and is not intended to express any theoretical notions concerning it.

(13.) In explaining the construction and operation of the steam engine, although it is necessary occasionally to refer to the effects of heat upon bodies in general, yet the body, which is by far the most important to be attended to, so far as the effects of heat upon it are concerned, is water. This body is observed to exist in the three different states, the solid, the liquid, and the vaporous, according to the varying temperature to which it is exposed. All the circumstances which have been explained in reference to metals, and the substance sulphur in particular, will, mutatis mutandis, be applicable to water. But in order perfectly to comprehend the properties of the steam engine, it is necessary to  render a more rigorous and exact account of these phenomena, so far as they apply to the changes produced upon water by the effects of heat.

Let us suppose a mass of ice immersed in the mixture of snow and salt which determines the zero point of the thermometer: this mass, if allowed to continue a sufficient length of time submerged in the mixture, will necessarily acquire its temperature, and the thermometer immersed in it will stand at zero. Let the ice be now withdrawn from the mixture, still keeping the thermometer immersed in it, and let it be exposed to the atmosphere at the ordinary temperature, say 60°. At first the thermometer will be observed gradually and continuously to rise until it attain the elevation of 32°; it will then become stationary, and the ice will begin to melt: the thermometer will continue standing at 32° until the ice shall be completely liquefied. The liquid ice and the thermometer being contained in the same vessel, it will be found, when the liquefaction is completed, that the thermometer will again begin to rise, and will continue to rise until it attain the temperature of the atmosphere, viz. 60°. Hitherto the ice or water has received a supply of heat from the surrounding air; but now an equilibrium of temperature having been established, no further supply of heat can be received; and if we would investigate the further effects of increased heat, it will be necessary to expose the liquid to fire, or some other source of heat. But previous to this, let us observe the time which the thermometer remains stationary during the liquefaction of the ice: if noted by a chronometer, it would be found to be a hundred and forty times the time during which the water in the liquid state was elevated one degree; the inference from which is, that in order to convert the solid ice into liquid water, it was necessary to receive from the surrounding atmosphere one hundred and forty times as much heat as would elevate the liquid water one degree in temperature; or, in other words, that to liquefy a given weight of ice requires as much  heat as would raise the same weight of water 140° in temperature: or from 32° to 172°.

The latent heat of water acquired in liquefaction is therefore 140°.

(14.) Let us now suppose that, a spirit lamp being applied to the water already raised to 60°, the effects of a further supply of heat be observed: the thermometer will continue to rise until it attain the elevation of 212°, the barometer being supposed to stand at 30 inches. The thermometer having attained this elevation will cease to rise; the water will therefore cease to become hotter, and at the same time bubbles of steam will be observed to be formed at the bottom of the vessel containing the water, near the flame of the spirit lamp. These bubbles will rise through the water, and escape at the surface, exhibiting the phenomena of ebullition, and the water will undergo the process of boiling.

During this process, the thermometer will constantly be maintained at the same elevation of 212°; but if the time be noted, it will be found that the water will be altogether evaporated, if the same source of heat be continued to be applied to it six and a half times as long as was necessary to raise it from the freezing to the boiling-point. Thus, if the application of the lamp to water at 32°, be capable of raising that water to 212° in one hour, the same lamp will require to be applied to the boiling water for six hours and a half, in order to convert the whole of it into steam. Now if the steam into which it is thus converted were carefully preserved in a receiver, maintained at the temperature of 212°, this steam would be found to have that temperature, and not a greater one; but it would be found to fill a space about 1700 times greater than the space it occupied in the liquid state, and it would possess an elastic force equal to the pressure of the atmosphere under which it was boiled; that is to say, it would press the sides of the vessel which contained it with a pressure equivalent to that of a column of  mercury of 30 inches in height; or what is the same thing, at the rate of about 15lb. on every square inch of surface.

(15.) As the quantity of heat expended in raising the water from 32° to 212°, is 180°; and as the quantity of heat necessary to convert the same water into steam is six and a half times this quantity, it follows that the quantity of heat requisite for converting a given weight of water into steam, will be found by multiplying 180° by 5-1/2. The product of these numbers being 990°, it follows, that, to convert a given weight of water at 212° into steam of the same temperature, under the pressure of the atmosphere, when the barometer stands at 30 inches, requires as much heat as would be necessary to raise the same water 990° higher in temperature. The heat, not being sensible to the thermometer, is latent heat; and accordingly it may be stated, that the latent heat, necessary to convert water into steam under this pressure is, in round numbers, 1000°.

(16.) All the effects of heat which we have just described may be satisfactorily accounted for, by supposing that the principle of heat imparts to the constituent atoms of bodies a force, by virtue of which they acquire a tendency to repel each other. But in conjunction with this, it is necessary to notice another force, which is known to exist in nature: there is observable among the corpuscles of bodies a force, in virtue of which they have a tendency to cohere, and collect themselves together in solid concrete masses: this force is called the attraction of cohesion. These two forces—the natural cohesion of the particles, and the repulsive energy introduced by heat—are directly opposed to one another, and the state of the body will be decided by the predominance of the one or the other, or their mutual equilibrium. If the natural cohesion of the constituent particles of the body considerably predominate over the repulsive energy introduced by the heat, then the cohesion will take effect; the particles of the body will coalesce, the mass will become rigid and solid, and the particles will hold together in  one invariable mass, so that they cannot drop asunder by the mere effect of their weight. In such cases, a more or less considerable force must be applied, in order to break the body, or to tear its parts asunder. Such is the quality which characterises the state, which in mechanics is called the state of solidity.

If the repulsive energy introduced by the application of heat be equal, or nearly equal, to the natural cohesion with which the particles of the body are endued, then the predominance of the cohesive force may be insufficient to resist the tendency which the particles may have to drop asunder by their weight. In such a case, the constituent particles of the body cannot cohere in a solid mass, but will separate by their weight, fall asunder, and drop into the various corners, and adapt themselves to the shape of any vessel in which the body may be contained. In fact, the body will take the liquid form. In this state, however, it does not follow that the cohesive principle will be altogether inoperative: it may, and does, in some cases, exist in a perceptible degree, though insufficient to resist the separate gravitation of the particles. The tendency which particles of liquids have, in some cases, to collect in globules, plainly indicates the predominance of the cohesive principle: drops of water collected upon the window pane; drops of rain condensed in the atmosphere; the tear which trickles on the cheek; drops of mercury, which glide over any flat surface, and which it is difficult to subdivide or scatter into smaller parts; are all obvious indications of the predominance of the cohesive principle in liquids.

By the due application of heat, even this small degree of cohesion may be conquered, and a preponderance of the opposite principle of repulsion may be created. But another physical influence here interposes its aid, and conspires with cohesion in resisting the transmission of the body from the liquid to the vaporous state: this force is no other than the pressure of the atmosphere, already explained. This  pressure has an obvious tendency to restrain the particles of the liquid, to press them together, and to resist their separation. The repulsive principle of the heat introduced must therefore not only neutralize the cohesion, but must also impart to the atoms of the liquid a sufficient elasticity or repulsive energy to enable them to fly asunder, and assume the vaporous form in spite of this atmospheric resistance.

Now it is clear, that if this atmospheric resistance be subject to any variation in its intensity, from causes whether natural or artificial, the repulsive energy necessary to be introduced by the heat, will vary proportionally: if the atmospheric pressure be diminished, then less heat will be necessary to vaporize the liquid. If, on the other hand, this pressure be increased, a greater quantity of heat will be required to impart the necessary elasticity.

(17.) From this reasoning we must expect that any cause, whether natural or artificial, which diminishes the atmospheric pressure upon the surface of a liquid, will cause that liquid to boil at a lower temperature: and on the other hand, any cause which may increase the atmospheric pressure upon the liquid, will render it necessary to raise it to a higher temperature before it can boil.

These inferences we accordingly find supported by experience. Under a pressure of 15lb. on the square inch, i. e. when the barometer is at 30 inches, water boils at the temperature of 212° of the common thermometer. But if water at a lower temperature, suppose 180°, be placed under the receiver of an air-pump, and, by the process of exhaustion the atmospheric pressure be removed, or very much diminished, the water will boil, although its temperature still remain at 180°, as may be indicated by a thermometer placed in it.

On the other hand, if a thermometer be inserted air-tight in the lid of a close digester containing water with common atmospheric air above it, when the vessel is heated the air acquires an increased elasticity; and being confined by the  cover, presses, with increased force, on the surface of the water. By observing the thermometer while the vessel is exposed to the action of heat, it will be seen to rise considerably above 212°, suppose to 230°, and would continue so to rise until the strength of the vessel could no longer resist the pressure within it.

The temperature at which water boils is commonly said to be 212°, which is called the boiling-point of the thermometer; but, strictly speaking, this is only true when the barometer stands at 30 inches. If it be lower, water will boil at a lower temperature, because the atmospheric pressure is less; and if it be higher, as at 31, water will not boil until it receives a higher temperature, the pressure being greater.

According as the cohesive forces of the particles of liquids are more or less active, they boil at greater or less temperatures. In general the lighter liquids, such as alcohol and ether, boil at lower temperatures. These fluids, in fact, would boil by merely removing the atmospheric pressure, as may be proved by placing them under the receiver of an air-pump, and withdrawing the air. From this we may conclude that these and similar substances would never exist in the liquid state at all, but for the atmospheric pressure.

(18.) The elasticity of vapour raised from a boiling liquid, is equal to the pressure under which it is produced. Thus, steam raised from water at 212°, and, therefore, under a pressure of 15lb. on the square inch, is endued with an elastic force which would exert a pressure on the sides of any vessel which confines it, also equal to 15lb. on the square inch. Since an increased pressure infers an increased temperature in boiling, it follows, that where steam of a higher pressure than the atmosphere is required, it is necessary that the water should be boiled at a higher temperature.

(19.) We have already stated that there is a certain point at which the temperature of a liquid will cease to rise, and that all the heat communicated to it beyond this is consumed in  the formation of vapour. It has been ascertained, that when water boils at 212°, under a pressure equal to 30 inches of mercury, a cubic inch of water forms a cubic foot[4] of steam, the elastic force of which is equal to the atmospheric pressure, and the temperature of which is 212°. Since there are 1728 cubic inches in a cubic foot, it follows, that when water at this temperature passes from the liquid to the vaporous state, it is dilated into 1728 times its bulk.

(20.) We have seen that about 1000 degrees of heat must be communicated to any given quantity of water at 212°, in order to convert it into steam of the same temperature, and possessing a pressure amounting to about 15 pounds on the square inch, and that such steam will occupy above 1700 times the bulk of the water from which it was raised. Now we might anticipate, that by abstracting the heat thus employed in converting the liquid into vapour, a series of changes would be produced exactly the reverse of those already described; and such is found to be actually the case. Let us suppose a vessel, the capacity of which is 1728 cubic inches, to be filled with steam, of the temperature of 212°, and exerting a pressure of 15 pounds on the square inch; let 5-1/2 cubic inches of water, at the temperature of 32°, be injected into this vessel, immediately the steam will impart the heat, which it has absorbed in the process of vaporisation to the water thus injected, and will itself resume the liquid form. It will shrink into its primitive dimensions of one cubic inch, and the heat which it will dismiss will be sufficient to raise the 5-1/2 cubic inches of injected water to the temperature of 212°. The contents of  the vessel will thus be 6-1/2 cubic inches of water at the temperature of 212°. One of these cubic inches is in fact the steam which previously filled the vessel reconverted into water, the other 5-1/2 are the injected water which has been raised from the temperature of 32° to 212° by the heat which has been dismissed by the steam in resuming the liquid state. It will be observed that in this transmission no temperature is lost, since the cubic inch of water into which the steam is converted has the same temperature as the steam had before the cold water was injected.

These consequences are in perfect accordance with the results already obtained from observing the time necessary to convert a given quantity of water into steam by the application of heat. From the present result it follows, that in the reduction of a given quantity of steam to water it parts with as much heat as is sufficient to raise 5-1/2 cubic inches from 32° to 212°, that is, 5-1/2 times 180° or 990°.

(21.) There is an effect produced in this process to which it is material that we should attend. The steam which filled the space of 1728 cubic inches shrinks when reconverted into water into the dimensions of 1 cubic inch. It therefore leaves 1727 cubic inches of the vessel it contains unoccupied. By this property steam is rendered instrumental in the formation of a vacuum.

By allowing steam to circulate through a vessel, the air may be expelled from it, and its place filled by steam. If the vessel be then closed and cooled the steam will be reduced to water, and, falling in drops on the bottom and sides of the vessel, the space which it filled will become a vacuum. This may be easily established by experiment. Let a long glass tube be provided with a hollow ball at one end, and having the other end open.[5] Let a small quantity of spirits be poured in at the open end, and placing the glass ball over the flame of a lamp, let the spirits be boiled.  After some time the steam will be observed to issue copiously from the open end of the tube which is presented upwards. When this takes place, let the tube be inverted, and its open end plunged in a basin of cold water. The heat being thus removed, the cool air will reconvert the steam in the tube into liquid, and a vacuum will be produced, into which the pressure of the atmosphere on the surface of the water in the basin will force the water through the tube, and it will rush up with considerable force, and fill the glass ball.

In this experiment it is better to use spirits than water, because they boil at a lower heat, and expose the glass to less liability to break, and also the tube may more easily be handled.


CHAPTER II.

FIRST STEPS IN THE INVENTION.
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Futility of early claims. — Watt, the real Inventor. — Hero of Alexandria. — Blasco Garay. — Solomon de Caus. — Giovanni Branca. — Marquis of Worcester[6]. — Sir Samuel Morland. — Denis Papin. — Thomas Savery.

(22.) In the history of the progress of the useful arts and manufactures, there is perhaps no example of any invention the credit of which has been so keenly contested as that of the steam engine. Claims to it have been advanced by different nations, and by different individuals of the same nation. The partisans of the competitors for this honour have argued their pretensions, and pressed their claims, with a zeal which has occasionally outstripped the bounds of discretion; and the contest has not unfrequently been tinged with prejudices,[2q] both national and personal, and marked  with a degree of asperity quite unworthy of so noble a cause, and altogether beneath the dignity of science.

The efficacy of the steam engine considered as a mechanical agent depends, first, on the several physical properties from which it derives its operation, and, secondly, on the various pieces of mechanism and details of mechanical arrangement by which these properties are rendered practically available. If the merit of the invention must be ascribed to the discoverer and contriver of these, then the contest will be easily decided, because it will be obvious that the prize is not due to any one individual, but must be distributed in different proportions among several. If, however, he is best entitled to the credit of the invention, who has by the powers of his mechanical genius imparted to the machine that form and those qualities from which it has received its present extensive utility, and by which it has become an agent of transcendent power, which has spread its beneficial effects throughout every part of the civilized globe, then the universal consent of mankind will, as it were by acclamation, award the prize to one individual, whose pre-eminent genius places him far above all other competitors, and from the application of whose mental energies to this machine may be dated those grand effects which have rendered it a topic of interest to every individual for whom the progress of human civilization has any attractions. Before the era marked by the discoveries of James Watt[5], the steam engine, which has since become an object of such universal interest, was a machine of extremely limited power, greatly inferior in importance to most other mechanical contrivances used as prime movers. But from that time it is scarcely necessary here to state that it became a subject not of British interest only, but one with which the progress of the human race became intimately mixed up.

Since, however, the question of the progressive developement of those physical principles on which the steam engine depends, and of their mechanical application, has of late  years received some importance, as well from the interest which the public manifest towards them as from the rank of the writers who have investigated them, we have thought it expedient to state briefly, but we trust with candour and fairness, the successive steps which appear to have led to this invention.

The engine as it exists at present is not, strictly speaking, the exclusive invention of any one individual: it is the result of a series of discoveries and inventions which have for the last two centuries been accumulating. When we attempt to trace back its history, and to determine its first inventor, we experience the same difficulty as is felt in tracing the head of a great river: as we ascend its course, we are embarrassed by the variety of its tributary streams, and find it impossible to decide which of those channels into which it ramifies ought to be regarded as the principal stream; and it terminates at length in a number of threads of water, each in itself so insignificant as to be unworthy of being regarded as the source of the majestic object which has excited the inquiry.

From a very early period the effects of heat upon liquids, and more especially the production of steam or vapour, was regarded as a probable source of mechanical power, and numerous speculators directed their attention to it, and exerted their inventive faculties to derive from it an effective mover. It was not, however, until the commencement of the eighteenth century that any invention was produced which was practically applied, even unsuccessfully. All the attempts previous to that time were either suggestions which were limited to paper
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