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FOREWORD


You’re about to embark on a four-hundred-year journey with some of the most interesting and creative people who ever lived. Since they’re scientists and inventors and engineers, their names don’t always attach to their work. But they shaped the world we live in, for better and for worse. Mostly for the better, I believe. After you travel with them, I think you will too. At least you’ll know more about what they did and why and how they did it. I was surprised and sometimes amazed at how many of their stories have been forgotten. Some of the references I use to tell those stories were histories and biographies that date back two hundred years or more. The books and documents are old, but the stories are new.

Who are these paragons? One writer at least: William Shakespeare, not as playwright but as part-owner of the Theatre, the first in London. He and his partners dismantled it (the landowner claimed they stole it) for the wood in a time when wood had become scarce around London. They carted it across the Thames River to build the larger Globe Theatre in naughty Southwark, next door to a bear-baiting arena.

A Frenchman, Denis Papin, concerned with feeding the poor, whose invention of the pressure cooker prepared the way for the steam engine.

James Watt, of course, the Scotsman who gave us the steam engine itself, but also Thomas Newcomen before him, whose great galumphing atmospheric steam machine preceded Watt’s elegant elaboration.

I visited a replica Newcomen engine in England on one of the few days a year when its keepers fire it up. It was the size of a house and a champion coal hog. (Coal isn’t cheap anymore, which is why they seldom fire it up.) I shoveled a scoopful of coal into the firebox and talked with the retired engineer who ran it. I asked him what equipment he needed to keep it running, and, with a chuckle, he hefted a big hammer. The Newcomen was all pipes and cranks and often out of whack, so he whacked it.

Newcomens squatted at the pithead—the surface opening into a mine—and pumped water out. They were too inefficient to be made portable. Watt’s more efficient engine could be smaller—small enough to mount on wheels and rails to haul the coal from the pithead to the river in order to be barged down to London. Then someone realized you could haul people as well as coal, and the passenger railroad emerged and quickly branched out all over England. America too, but our engines burned wood through most of the nineteenth century, penetrating the wilderness far from any coal mine and then connecting the continent.

Among twentieth-century paragons, there’s Arie Haagen-Smit, a Dutch specialist in essences who was teaching at the California Institute of Technology (Caltech), in Pasadena. One day in 1948, concerned government officials found him in a laboratory full of ripe pineapples, condensing their tropical aroma from the air. They asked him to do the same for the ghastly Los Angeles smog. He cleared out the pineapples, opened a window, and sucked in thousands of cubic feet of smoggy air. He ran the air through a filter chilled with liquid nitrogen, and scraped up a few drops of brown, smelly gunk. After he’d analyzed the gunk chemically, he announced it was automobile exhaust and the exhaust of nearby refineries. Unlike the old and often deadly smoke and fog (smoke + fog = “smog”) that blighted cities where coal was burned, this new stuff compounded in the air like a binary poison gas. Catalyzed by sunlight, it turned the air sepia.

Oil companies didn’t want to know that. Their chemists scoffed at Haagen-Smit’s analysis. They found no such reaction, they told the world. Which fueled the stubborn Dutchman’s anger. Back to the lab. He showed that the oil company chemists’ fancy equipment couldn’t distinguish the smog-forming process. For his part, Haagen-Smit used strips of old inner tube to measure how much smog ozone embrittled rubber and his pineapple-analyzing gear to sniff out the components that combined to blight the air. Government stepped in then and began the process of cleaning up Los Angeles.

This book is full of such stories. It’s more than merely stories, however. Its serious purpose is to explore the history of energy; to cast light on the choices we’re confronting today because of the challenge of global climate change. People in the energy business think we take energy for granted. They say we care about it only at the pump or the outlet in the wall. That may have been true once. It certainly isn’t true today. Climate change is a major political issue. Most of us are aware of it—increasingly so—and worried about it. Businesses are challenged by it. It looms over civilization with much the same gloom of doomsday menace as did fear of nuclear annihilation in the long years of the Cold War.

Many feel excluded from the discussion, however. The literature of climate change is mostly technical; the debate, esoteric. It’s focused on present conditions, with little reference to the human past—to centuries of hard-won human experience. Yet today’s challenges are the legacies of historic transitions. Wood gave way to coal, and coal made room for oil, as coal and oil are now making room for natural gas, nuclear power, and renewables. Prime movers (systems that convert energy to motion) transitioned from animal and water power to the steam engine, the internal combustion engine, the generator, and the electric motor. We learned from such challenges, mastered their transitions, capitalized on their opportunities.

The current debate has hardly explored the rich human history behind today’s energy challenges. I wrote Energy partly to fill that void—with people, events, times, places, approaches, examples, parallels, disasters, and triumphs, to enliven the debate and clarify choices.

People lived and died, businesses prospered or failed, nations rose to world power or declined, in contention over energy challenges. The record is rich with human stories, a cast of characters across four centuries that includes such historic figures as Elizabeth I, James I, John Evelyn, Abraham Darby, Benjamin Franklin, Thomas Newcomen, James Watt, George Stephenson, Humphry Davy, Michael Faraday, Herman Melville, Edwin Drake, Ida Tarbell, John D. Rockefeller, Henry Ford, Enrico Fermi, Hyman Rickover, the coal barons of old Pennsylvania, and the oil barons of California and Saudi Arabia—to name only some of the more obvious.

Whole oceans of whales enter the story, the oil of their bodies lighting the world. Petroleum seeps from a streambed, and a Yale chemistry professor wonders what uses it might have. Horses foul cities with their redolent manure, an increasing public health challenge, and when the automobile replaces them, rural populations no longer required to grow their feed fall into permanent decline. The development of arc welding paces the pipeline distribution of natural gas. Nuclear energy announces itself by burning down two Japanese cities, an almost indelible taint.

Global warming itself, the evidence slowly accumulating across a century of increasingly anxious observation, provokes a biblical-scale confrontation of ideologies and vested interests. Wind energy, the bountiful energy from sunlight, vast supplies of coal and natural gas compete for dominance in a turbulent world advancing toward a population of ten billion souls by the year 2100. Most of them are residents of China and India, the two most populous countries in the world, just now moving out of subsistence into prosperity and consuming energy supplies accordingly. The energy is there, but can the earth sustain the waste of its burning?

You will not find many prescriptions in this book. Every century had its challenges and opportunities—some intended, some unintended—but in any case, too complex, too rich in implication, for simple moralizing. What you will find are examples, told as fully as I am able to tell them. Here is how human beings, again and again, confronted the deeply human problem of how to draw life from the raw materials of the world. Each invention, each discovery, each adaptation brought further challenges in its wake, and through such continuing transformations, we arrived at where we are today. The air is cleaner, the world more peaceful, and more and more of us are prosperous. But the air is also warmer. In August 2015, for example, northern Iran suffered under a heat index of 165 degrees Fahrenheit (74 degrees Celsius). May all this curious knowledge from our history help us find our way to tomorrow. I have children and grandchildren. I hope and believe that we will.



PART ONE


POWER




ONE


NO WOOD, NO KINGDOM

A cold, gray day, and heavy snow billowing. Saturday, 28 December 1598, the forty-first year of the reign of Elizabeth Tudor, Queen of England and Ireland. On the edge of London Town, in the precinct of Holywell, workmen gather in the yard before the old Theatre, snow on their beards, stamping their boots and clapping their gloved hands to keep warm. Hailing each other with ale-warmed breath: work to do, and that quickly, shillings to earn even in holiday time. Wood was scarce in London, the forests that ringed the city stripped bare. The workmen had been hired to tear down the Theatre, the first of its kind, and move the salvaged framing to master carpenter Peter Street’s Thames-side warehouse, hard by Bridewell Stairs. Steal a whole building, someone winked, right out from under the absent landlord’s nose, though who rightly owned the Theatre would need years of litigation to decide.1 The Burbage brothers, William Shakespeare’s partners in the theater business, believed they did. They’d built it, in 1576. Let the landlord keep his land. They would dismantle their playhouse and raise it elsewhere.

Giles Allen, the landlord, away at his country house in Essex, would tell the court that men with weapons bullied aside the servants he sent with a power of attorney to stop them. With all the shouting, a crowd gathered. The Burbage brothers were there that day. So was Shakespeare. Moving the playhouse was urgent if their acting company would have a stage to perform on. Allen was threatening to pull it down himself and salvage the timbers to build tenements, as apartments were called in Shakespeare’s day.

The Burbages’ workmen dismantled the wooden building and carted the framing away. Two days earlier, the company had played before the Queen at Whitehall Palace. It was scheduled to play there again on New Year’s night. The Theatre came down between the two performances.

It went up again in Spring 1599 across the Thames in bawdy Southwark, enlarged and renamed the Globe, a twenty-sided polygon three stories high and a hundred feet across, with a thatched ring of roof open to the sky above a wide yard. Peter Street probably cut the new timber for the enlargement in a forest near Windsor, west of London, lopped and topped and barked and shaped it there to avoid the cost of barging whole trees down the Thames. A Swiss tourist, Thomas Platter, attended a production of Julius Caesar in the new Globe on the afternoon of 21 September 1599, so it was up and running by then. He thought the play “quite aptly performed.”2

Elizabethan England was a country built of wood. “The greatest part of our building in the cities and good towns of England,” the Elizabethan observer William Harrison reported in 1577, “consisteth only of timber.”3 Even the country’s implements, its plows and hoes, were wooden, if iron edged. London was a wooden city, peak-roofed and half-timbered, heating itself with firewood burned on stone hearths called reredos raised in the middle of rooms, the sweet wood smoke drifting through the house and out the windows.
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A reredos, with hook above for hanging a kettle.



But wood was growing dear, its price increasing as London’s population increased and woodcutters carted firewood into the city from farther and farther afield. Parliament provided a limited remedy in 1581: a law prohibiting the production of charcoal for iron smelting within fourteen miles of London, to reserve the nearby trees for domestic fuel. Even so, the cost of firewood delivered to the city more than doubled between 1500 and 1592, consistent with the burgeoning population, which quadrupled between 1500 and 1600, from 50,000 to 200,000.4 (England’s entire population increased across that century from 3.25 million to 4.07 million.5)

Some economists today question if England was running out of wood. The Burbages and their company moved the Theatre’s framing not only to save wood but also to save time and money putting up their new, enlarged Globe bankside. And wood, after all, is a renewable resource. Yet many seventeenth- and eighteenth-century government officials, parliamentarians, and private observers feared a wood shortage, especially of large oak trees suitable for ships’ masts.

Warships were as valuable to national security in those days as aircraft carriers are today. About 2,500 large oak trees went into an average English ship of the line.6 It was a beautiful wooden fighting machine, massive and solid, fifty feet wide and two hundred feet long. Two rows of cannon mounted on wooden trucks pierced its bulging yellow sides. Its decks were painted dull red to veil the blood that flowed in battle.7 It carried its sails on no fewer than twenty-three masts, yards, and spars, from the forty-yard-long, eighteen-ton mainmast to the little fore topgallant-yard, a light seven-yard stick.8 Patriots said the Royal Navy was England’s “wooden walls,” protecting it from invasion. The Admiralty built and maintained about one hundred ships of the line as well as several hundred smaller ships and boats. Battle and shipworms ravaged them; they needed replacing every decade or two.

But the great mast trees took 80 to 120 years to grow to sufficient diameter. A landowner who planted an acorn could hope his grandchildren or great-grandchildren might harvest it for profit—if the intervening generations could wait so long. Many could not; many did not. Selling timber was an easy means to raise cash; landowners from the king on down took advantage of the opportunity whenever their purses emptied. Wood, the dilettante second Earl of Carnarvon told a friend of the diarist Samuel Pepys, was “an excrescence of the earth provided by God for the payment of debts.”9

Crooked hedgerow timbers—“compass timbers,” the Admiralty called them—were as important to ship construction as the straight forest timbers needed for the masts. These great bent oaks supplied curved and branched single pieces for the keel, the stern-post, and the ribs of the ship’s hull. They were always scarce and priced accordingly, but with the enclosure movement of late-medieval England—the privatization and consolidation of communal fields into sheep pasture to benefit the manorial lords—most of the compass trees were cut down. Finding the right piece for a ship could take years.
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The Ark Royal, built for Sir Walter Raleigh in 1587, carried fifty-five guns on two gun decks. In 1588 she chased the Spanish Armada into the North Sea.



The Royal Navy was not the only enterprise consuming the forests of England. By the 1630s, the country supported some three hundred iron-smelting operations, which burned three hundred thousand loads of wood annually to make charcoal, each load counting as a large tree.10 Building and maintaining the more numerous ships of British commerce required three times as much oak as did navy shipping.

Timber, oak in particular, competed with grain for arable land. Great trees needed deep, rich soil, but it was more profitable to farm such land for feed. A Suffolk County official named Thomas Preston associated mighty forests with primitive conditions, “the past age” when the kingdom possessed “a great plenty of oak.” The diminution of oak measured the kingdom’s improvement, he argued, “a thousand times more valuable than any timber can ever be.” Preston hoped the diminution would continue: “While we are forced to feed our people with foreign wheat, and our horses with foreign oats, can raising oak be an object? . . . The scarcity of timber ought never to be regretted, for it is a certain proof of national improvement; and for Royal navies, countries yet barbarous are the right and only proper nurseries.”11

Those barbarous countries included North America, especially New England, where the colonists had just begun to harvest the primeval forest. There, from 1650 onward, the Admiralty sought the strong “single stick” masts its warships required, forty yards long and three to four feet in diameter. The colonists competed for the wood, however. The first American sawmill began operations in 1663 on the Salmon Falls River in New Hampshire, long before the English advanced from sawing board by hand to using water power. By 1747, there were 90 such water-powered mills along the Salmon Falls and the Piscataqua, with 130 teams of oxen working hauling logs. Among them, they cut about six million board feet of timber annually for sale in Boston, the West Indies, and beyond. England got her share. The eighteenth-century historian Daniel Neal, in his The History of New-England, noted that the Piscataqua was “the principal place of trade for masts of any of the king’s dominions.”12

Unfortunately for the Royal Navy, America’s successful revolution three decades later cut off its supply of American white pine. It had to return to its earlier expedient of using “made masts”: weaker composite masts of multiple trees strapped together around a central spindle.

Besides making charcoal to smelt iron, the English cut down timber to build houses, barns, and fences; to produce glass and refine lead; to build bridges, docks, locks, canal boats, and forts; and to make beer and cider barrels. More than one of these uses consumed as much wood as the navy. Even royalty was guilty of misusing the royal forests, while Parliament stood by. “The final failure of the woodlands,” a historian concludes, “was the result of constant neglect and abuse.”13

The Jacobean agriculturalist Arthur Standish was concerned less with the needs of the Royal Navy and more with what he called “the general destruction and waste of wood” when he published The Commons Complaint under King James I’s endorsement in 1611, but he included “timber . . . for navigation” among the shortages that he foresaw. Paraphrasing one of the king’s speeches before Parliament in his stark summary of the consequences, Standish concluded: “And so it may be conceived, no wood, no kingdom.”14

A cheaper alternative was burning coal—sea coal or pit coal, the Elizabethans called it to distinguish it from charcoal. (A coal was originally any burning ember, thus char-coal for charred wood, and sea coal or pit coal for the fossil fuel, depending on whether it outcropped on the headlands above the beaches or was dug from the ground.) Harrison, in his 1577 contribution to the Elizabethan anthology Holinshed’s Chronicles, had found the English Midlands already in transition to the fossil fuel: “Of coal-mines, we have such plenty in the north and western parts of our island as may suffice for all the realm of England.”15 Coal had served blacksmiths for hundreds of years. Soap boilers used it; so did lime burners, who roasted limestone in kilns to make quicklime for plaster; so did salt boilers, who boiled down seawater in open iron pans, a tedious process prodigal of fuel, to make salt for food preservation in the centuries before refrigeration.

But the acrid smoke and sulfurous stench of the Midlands’s coal had not encouraged its domestic use in houses devoid of chimneys where meat was roasted over open fires. “The nice dames of London,” as a chronicler called them, were unwilling even to enter such houses. In 1578 Elizabeth I herself objected to the stink of coal smoke blowing into Westminster Palace from a nearby brewery and sent at least one brewer to prison that year for his effrontery.16 A chastened Company of Brewers offered to burn only wood near the palace.

Like nuclear power in the twentieth century, but justifiably, coal in the sixteenth and seventeenth centuries was feared to be toxic, tainted by its origins, diabolic: “poisonous when burnt in dwellings,” a historian summarizes Elizabethan prejudices, “and . . . especially injurious to the human complexion. All sorts of diseases were attributed to its use.”17 The black stone found layered underground that burned like the stinking fires of hell—the Devil’s very excrement, preachers ranted—suffered as well from its association with mining, an industry that poets and clergy had long condemned. Geoffrey Chaucer, in his short poem “The Former Age,” written about 1380, set the tone:

But cursed was the time, I dare well say,

That men first did their sweaty business

To grub up metal, lurking in darkness,

And in the rivers first gems sought.

Alas! Then sprung up all the cursedness

Of greed, that first our sorrow brought!18

The German humanist Georgius Agricola, a physician in the mining town of Joachimstal, paraphrased the arguments of mining’s detractors in his 1556 work De re Metallica and quoted Ovid condemning mining in similar terms. The Roman poet, he wrote, had portrayed men as ever descending “ ‘into the entrails of the earth, [where] they dug up riches, those incentives to vice, which the earth had hidden and had removed to the Stygian shades. Then destructive iron came forth, and gold, more destructive than iron; then war came forth.’ ”19 A century after Agricola, John Milton was still condemning mining, associating it with the fallen angel Mammon in the first book of Paradise Lost:

There stood a Hill not far whose grisly top

Belched fire and rolling smoke; the rest entire

Shone with a glossy scurf, undoubted sign

That in his womb was hid metallic ore,

The work of sulfur. Thither winged with speed

A numerous brigade hastened . . . .

Mammon led them on,

Mammon, the least erected spirit that fell

From Heaven, for even in Heaven his looks and thoughts

Were always downward bent, admiring more

The riches of Heaven’s pavement, trodden gold,

Than aught divine or holy else enjoyed

In vision beatific: by him first

Men also, and by his suggestion taught,

Ransacked the center, and with impious hands

Rifled the bowels of their mother Earth

For treasures better hid.20

Impious hands or not, the Elizabethans were short of wood, so they began to dig coal and burn it. To do that without asphyxiating themselves, they needed chimneys to exhaust the smoke. Harrison, the chronicler, says old men in his village noticed the increase in chimneys, “whereas in their young days there was not above two or three.” For Harrison, the development was doubtful, even hell-in-a-handcart:

Now we have many chimneys, and yet our tenderlings complain of rheums, catarrhs, and poses [head colds]; then had we none but reredoses, and our heads did never ache. For as the smoke in those days was supposed to be a sufficient hardening for the timber of the houses, so it was reputed a far better medicine to keep the good man and his family from the quack [hoarseness] and the pose, wherewith as then very few were acquainted.21

Shipments of coal from Newcastle upon Tyne, an expanding coal port on the Tyne River in the northeast of England, increased accordingly from about thirty-five thousand tons in the midsixteenth century to about four hundred thousand tons by 1625. In two generations, the historian J. U. Nef concludes, “the coal trade from the Tyne had multiplied twelvefold.”22

When Queen Elizabeth I died at sixty-nine in 1603, the king of Scotland, James VI, united the Scottish and English crowns as James I, moving in slow procession to London. The Scots had deforested their lands a century before the English. They were used to burning coal, and luckily for them, hard Scottish coal burned cleaner and brighter than soft Newcastle bituminous. Scottish anthracite’s sulfur content was only 0.1 percent, compared with 1 percent to 1.4 percent for English bituminous.23 Unfortunately, Scottish anthracite burned faster as well, which made it more expensive. Expense was no problem for the king; he had good Scottish coal shipped to Westminster to warm his palaces. Emulating the king, wealthy Londoners took up the custom. The middle classes began burning coal as well. Coal allowed Londoners to keep warm and feed themselves as the city’s population increased rapidly, from roughly 200,000 in 1600 to 350,000 by 1650.24

Chimneys needed sweeping to prevent fires, a new and ultimately deadly trade for children apprenticed as young as five or six years old, who walked the streets crying “Sweep! Sweep!” to solicit work and crawled large-hatted and naked through the narrow chimneys like human brooms. In a 1618 “Petition of the Poor Chimney Sweepers of the City of London to the King,” two hundred sweeps complained that the city was at risk of fire, and they “were ready to be starved for want of work” because people neglected to clean their chimneys. They asked that an overseer be appointed to enter houses and compel the owners to have their chimneys cleaned. The overseer and his deputies, the petition proposed, could be paid “by the delivery to them of the soot gathered,” which they could sell for fertilizer. The king was sympathetic, but the Lord Mayor of London wasn’t: there were already officers who oversaw the condition of London’s chimneys, he claimed—and the poor chimney sweepers’ petition was denied.25

Constant exposure to soot and creosote led to an epidemic of soot wart among chimney sweeps—squamous cell carcinoma of the scrotum—characterized by the English surgeon Percivall Pott in 1775, the first time a cancer was associated with an industrial occupation. The scrotum was the point of entry of the cancer into the body because that was where the sweeps’ sooty sweat collected as they broomed their way up London’s chimneys.

An engineer, Richard Gesling, invented a method of combining smoky Newcastle coal with common materials: chopped straw, sawdust, even cow manure. These coal balls, as he called them, were something like the charcoal briquettes of American backyard barbecues and burned more cleanly than coal alone. Gesling died before he could make his method public, but someone published an anonymous report of it, Artificiall Fire, or, Coale for Rich and Poore, in 1644.26 Whoever it was, he did so for a reason: it was cold in London that winter, indoors as well as out. The Royalists were waging civil war against the Puritan Oliver Cromwell and his Parliamentarians, who had Scottish support. In 1644 the Scottish army besieged Newcastle, blocking coal shipments to the English capital. The author of Artificiall Fire writes contemptuously of “some fine Nosed City Dames [who] used to tell their Husbands; O Husband! We shall never be well, we nor our Children, whilst we live in the smell of this City’s Seacoal smoke.” But with Newcastle under siege and coal scarce in London, he continues, “how many of these fine Nosed Dames now cry, Would to God we had Seacoal, O the want of Fire undoes us! O the sweet Seacoal fire we used to have!”

As coal replaced wood, its denser and more toxic smoke became a pestilence. Between 1591 and 1667, coal shipments into London increased from 35,000 tons to 264,000 tons; by 1700, that tonnage had almost doubled to 467,000 tons.27 An adequate supply of fossil fuel kept people warm and sustained the growth of English industry, but it also fouled the London air. John Evelyn, a wealthy diarist and horticulturalist who was one of the founders of the scientific Royal Society of London, condemned the city in his diatribe The Character of England, published in 1659.

London, Evelyn wrote, though large, was “a very ugly town, pestered with hackney coaches and insolent car men, shops and taverns, noise, and such a cloud of sea-coal [smoke], as if there be a resemblance of hell upon earth, it is in this volcano [on] a foggy day: this pestilent smoke . . . corrodes the very iron, and spoils all the movables, leaving a soot upon all things that it lights; and so fatally seizes on the lungs of the inhabitants, that the cough, and the consumption spare no man. I have been in a spacious church where I could not discern the minister for the smoke, nor hear him for the people’s barking.”28

A long-faced and solemn man, ambitious for laurels, Evelyn did more than complain. He also looked for ways to clear the air. He accepted appointment as one of London’s commissioners of sewers. And since he was interested in gardening and in trees, his inventive mind turned to moving industry out of London and perfuming the city’s precincts with flowering plants—reversing, as it were, at least locally, the transition from wood to coal. King Charles II had been restored to the throne on his thirtieth birthday, 29 May 1660, and the traitor Oliver Cromwell’s head pickled and mounted on a pike on London Bridge after a seventeen-year interregnum bloodied with regicide and civil war; Evelyn’s vision of a refreshed and healthier London drew as well on his renewed sense of public order.

Evelyn was walking in Whitehall one day, he told the king in the dedication that introduced his proposal, when “a presumptuous smoke . . . did so invade the court that all the rooms, galleries, and places about it were filled and infested with it; and that to such a degree [that] men could hardly discern one another for the cloud, and none could support [endure] without manifest inconveniency.”29 He had been thinking about the problem for some time, he added, but it was “this pernicious accident,” and “the trouble that it must needs procure to Your Sacred Majesty, as well as hazard to your health,” that inspired him to write his proposal. He titled it, grandly, Fumifugium: or, the Inconvenience of the Aer, and Smoake of London Dissipated. (“Fumi-,” from Latin fumus, smoke, and “fuge,” from Latin fuge, to drive away: approximately, Fumigation.) To pique the king’s interest, Evelyn claimed that the project would render the palace and the whole city “one of the sweetest and most delicious habitations in the world, and this with little or no expense.”30

Evelyn defined “pure air” expressively as “that which is clear, open, sweetly ventilated, and put into motion with gentle gales and breezes; not too sharp, but of a temperate constitution.”31 London should enjoy such air, he observed: it was built on high ground, its gravel soil “plentifully and richly irrigated . . . with waters which crystallize her fountains in every street.” The city sloped down to “a goodly and well-conditioned river” which carried off industrial wastes to be dissipated by the sun.32 He blamed home coal burning less for London’s air pollution than coal burning in trade. The problem wasn’t “culinary fires,” he argued shrewdly. No, the truly destructive smoke came from the works of the “brewers, dyers, lime-burners, salt and soap-boilers, and some other private trades”—the same nuisances Londoners had decried all the way back to the Middle Ages. When they were belching coal smoke, “the City of London resembles the face rather of Mount Etna, the court of Vulcan, Stromboli, or the suburbs of Hell.” Their pernicious smoke induced “a sooty crust or fur upon all that it lights, spoiling the movables, tarnishing the Plate, Gildings, and Furniture, and corroding the very Iron bars and hardest Stones with those piercing and acrimonious Spirits which accompany its Sulfur.”33

Coal-smoke pollution not only damaged London’s built environment, Evelyn insisted, but it also sickened and killed her citizens, “executing more in one year than exposed to the pure Air of the Country it could effect in some hundreds.” People who moved to London found “a universal alteration in their Bodies, which are either dried up or inflamed, the humours being exasperated and made apt to putrefy, their sensories and perspiration . . . exceedingly stopp’d, with the loss of Appetite, and a kind of general stupefaction.” Yet these same visitors were quickly restored to health when they returned home, evidence that it was London’s pollution that sickened them. Evelyn added for good measure, “How frequently do we hear men say (speaking of some deceased neighbor or friend), ‘He went up to London, and took a great cold . . . which he could never afterwards claw off again.’ ”34

How could an enlarging, increasingly industrial city—a city on the cusp of the industrial revolution—be purified? The first step, Evelyn argued, was to clear London of the polluters: Parliament should require them to remove five or six miles down the Thames below the Isle of Dogs, a square mile of reclaimed marshland around which the river made a winding, pear-shaped meander that might block their smoke.35 Evelyn knew of it because in 1629 the several commissioners of sewers in London, he among them, had been assigned responsibility for its upkeep.

Siting coal-burning industry there, like siting factories in suburban industrial parks today, would help clear London’s smoke-fouled air. It would also, Evelyn added, give employment to “thousands of able Watermen” delivering the products of industry upriver into the city, would free up “Places and Houses” within the city for conversion into “Tenements, and some of them into Noble Houses for use and pleasure” with attractive river views. (Urban renewal and gentrification have ancient antecedents.) Moving industry to the suburbs would help prevent fires as well, Evelyn concluded. He thought accidental fires originated in “places where such great and exorbitant Fires are perpetually kept going.”36 London in the year of Fumifugium’s first publication, 1661, was indeed only five years away from her Great Fire of 1666, which burned out all the city within the old medieval walls. That fire, however, started in a bakery.

Moving coal-burning industry out of London was only the first part of Evelyn’s remedy for smoke pollution. The second reflected his experience designing gardens. He proposed that all the low grounds surrounding the city should be converted into fields planted with fragrant flowers and shrubs, including sweetbriar, honeysuckle, jasmine, roses, Spanish broom, bay, juniper, and lavender, “but above all, Rosemary,” which was reputed to cast its scent a hundred miles out to sea.37

He would fill the spaces between the fields around the city with flowers as well, and with “Plots of Beans, Pease” but “not Cabbages, whose rotten and perishing stalks have a very noisome and unhealthy smell.” Blossom-bearing grains would “send forth their virtue” and be marketable in London; “amputations and prunings” might be burned at appropriate times in the winter “to visit the City with a more benign smoke.”38

But Evelyn’s vision was not to be fulfilled. Charles II discussed it with its author on the royal yacht, the Catherine, during a yacht race on the Thames, telling Evelyn he was “resolved to have something done on it” and asking him to prepare a bill for Parliament. Evelyn did, but no action followed. The king was too busy selling monopolies to restore his fortunes to invest in rearranging his smoky capital.

The Royal Society of London had been founded in November 1660—Evelyn was a charter member—and honored the horticulturalist’s work in 1662 by inviting him to write a report on the state of the kingdom’s timber. The Royal Navy had requested it, anxious about the increasing scarcity of large trees for building and maintaining its ships. Published in February 1664, the report was to be Evelyn’s best-known work: Sylva: Or, a Discourse of Forest-Trees and the Propagation of Timber in his Majesty’s Dominions. It was the Royal Society’s first published book.

For decades to come, the English would burn coal primarily for home heating. The new fuel had still to be adapted to perform useful work. Burning it at home was straightforward; adapting it to industrial production, challenging and complex. Homes needed only a hearth with a chimney. Industry needed changes in coal’s very chemistry. In the meantime, increasing demand soon exhausted the superficial outcroppings of sea coal. Coal had been dug in pits open directly to the sky. Now it began to be excavated through tunnels from deepening mines. Digging deeper underground soon penetrated the water table. Some mines could be cleared with drains, but mines too deep for drainage filled up and had to be abandoned. Simple technologies had served to ease the transition from wood to coal as the English forests depleted. Coal made new demands. It would reward those who worked out how to meet them.



TWO


RAISING WATER BY FIRE

To dig coal, colliers had to find a coal seam. Mineral coal, the compressed and carbonized remains of ancient plants, lay in underground beds across much of the British Isles, densely in the English Midlands, most densely in the northeast around Newcastle upon Tyne. When a coal seam outcropped on a headland or a hillside, it could be dug out directly, but such accessible exposures soon depleted. Shallow seams were the next to be exploited, easily found and easily taken by trenching or skimming off the overburden of soil or by digging multiple bell-shaped pits.

As coal replaced wood in domestic heating and in industry, and as the British population grew, colliers sought deeper seams. A coal seam in Britain might range in thickness from a few inches up to a rare thirty feet. It might lay underground anywhere from a fathom or two—six to twelve feet—to eight hundred feet or more. It might run parallel to the surface or slant upward or downward. Water might flow through it or through porous strata above or below it. Often it harbored pockets or channels of noxious or explosive gas.

Exploring involved either sinking or boring, often both. Sinking meant digging a mine shaft six feet across with pick and shovel, with a windlass above ground to draw up the waste under a canvas to keep out the rain. Underground water and quicksand challenged the colliers, who might line the shaft with timbers sealed with earth or clay or packed with unshorn sheepskins.

Stone was a harder challenge. Stone required boring, which involved chiseling a three-inch hole through the earth using a chisel attached to the end of a string of wrought iron rods. A springing pole served as a lever: one end embedded in the ground and braced with a heavy stone, a forked fulcrum supporting the trunk halfway, and the upper end free to lift and drop the chisel string with the help of a collier’s strong leg working a stirrup.

After each drop, the colliers rotated the chisel a quarter turn to make the hole round. Every six inches or so, the string had to be pulled to resharpen the chisel and check for traces of coal—an increasingly laborious chore as the hole deepened. If pulverized rock (“wreck,” colliers called it1) clogged the hole, the men pulled the string and replaced the chisel with a screw-threaded auger to clear it. Through hard rock, a yard a day was considered good progress. Finding deep coal seams might require a year or more, the colliers paid at higher rates as the drill string lengthened and the work got harder.2 If the borehole found a coal seam, it had to be enlarged to a mine shaft with pick and shovel.

A seventeenth-century record of a boring in Yorkshire reports the findings layer by layer: “in Earth 1 Yard, in yellow Clay 1 yard, in black Slate 1 Quarter [that is, nine inches, or a fourth of a yard], in grey metal Stone two yards and two quarters, in black metal [stone] 2 quarters, in grey Stone 2 yards, in a Whinstone [a hard, dark-colored rock such as basalt] 1 qua[rter], in grey metal [stone] 2 qua[rters], in a Whinstone a Foot, in grey Metal [stone] a foot, in Iron-stone 6 Inches”—and on down through successive layers until the boring finally reached a coal seam a foot thick. “In all,” the record concludes, “21 Fathom”—126 laborious feet of hammering a chisel down through dirt and rock.3
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Once a mine was opened, it had to be kept dry. One Victorian expert calls water—from rain draining into the mine shaft and from underground flows—“the miner’s first great enemy.”4 If nearby land sloped below a mine’s working level, water could be drained by digging a narrow tunnel called an adit (from Latin aditus, entrance), which carried the water out to a natural drainage. Adits also delivered fresh air into a mine. In mines with gas pockets, such natural ventilation was controlled by a system of wooden doors. Since adits were typically no more than eighteen by eighteen inches square, children manned the doors, sitting in pitch darkness for up to twelve hours a day—saving the cost of a day’s worth of candles or lamp oil. Until Parliament’s reforming Mines Act of 1842, which prohibited women and children under ten from working the mines, whole families labored underground: the men hacking at the coal face with picks; the women hauling out the coal in wicker corves (baskets) on their backs or harnessed to iron or wooden tubs with belt and chain; the children helping haul the coal or working the doors. Families had to supply their own equipment and were paid according to the volume of coal they produced. Later, and in larger mines, ponies stabled permanently underground hauled out the coal in carts.

An illiterate seventeen-year-old girl, Patience Kershaw, testified before a parliamentary commission as late as 1841 about the conditions she experienced as a “hurrier” moving corves of coal from the pit face to the mine shaft:

I go to a pit at five o’clock in the morning and come out at five in the evening; I get my breakfast of porridge and milk first; I take my dinner with me, a cake, and eat it as I go; I do not stop or rest any time for the purpose; I get nothing else until I get home, and then have potatoes and meat, not every day meat. I hurry in the clothes I have now got on, trousers and ragged jacket; the bald place upon my head is made by thrusting the corves; my legs have never swelled, but [my] sisters’ did when they went to mill; I hurry the corves a mile and more underground and back; they weigh three hundredweight; I hurry eleven a day; I wear a belt and chains at the workings, to get the corves out; the getters sometimes beat me, if I am not quick enough, with their hands; they strike me upon my back; the boys take liberties with me; sometimes they pull me about; I am the only girl in the pit; there are about twenty boys and fifteen men; all the men are naked [to endure the heat and humidity]; I would ’ather work in mill than in coal pit.5
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The gases in a coal mine could kill. Miners called them damps, from Middle Low German dampf, vapors. German miners first brought their skills and their terminology to England in medieval times. Damps formed underground from natural chemical and biochemical processes. Miners identified five kinds: suffocating chokedamp (mixed nitrogen and carbon dioxide); explosive firedamp (methane); explosive and suffocating stinkdamp, with a smell like rotten eggs (hydrogen sulfide); suffocating whitedamp (carbon monoxide); and suffocating afterdamp (a mixture of gases: carbon monoxide, carbon dioxide, nitrogen, and other products of explosions of firedamp or coal dust).6 As mines lengthened and deepened, natural air circulation no longer sufficed to clear them. One solution was to maintain a fire at the bottom of the central mine shaft—the eye, as such shaft openings were called—which would draw air through the mine and out the eye like a chimney. But explosions were common and sometimes gruesome.

“The phenomenon of people being shot out of pits,” writes the Victorian mining engineer Robert Galloway, “. . . was a frequent, indeed almost regular concomitant of early colliery explosions of any magnitude.”7 One of the more spectacular occurred in 1675 in Mostyn, Wales, on the Dee River, southeast of Liverpool. When the mine opened in 1640, the miners worked out a system for suppressing the firedamp at the beginning of each workday by sending one of their number ahead with a cluster of lit candles mounted on the end of a long pole to fire the night’s accumulation. They called him the fireman. He wore old sackcloth overclothes, water-soaked for protection. “As the flame ran along the roof,” Galloway writes, “the fireman lay flat on the floor of the mine till it passed over him.”8 Ventilation prevented methane from accumulating during the day, and the next morning the fireman repeated his risky detonation.

By 1675, the Mostyn mine had been worked for more than three decades. Then the owners decided to sink a pit into a parallel coal seam lower down. This fifty-foot blind pit filled with firedamp. Firing it, Galloway reports, produced an “alarmingly violent” explosion.9 Worse was yet to come.

After a three-day work stay, a steward descended to the mouth of the pit to devise a way to move enough air to clear the pit of gas. He took two miners with him. The others who had dug the new pit followed. “One of them,” says a contemporary account, “more indiscreet than the rest, went headlong with his candle over the eye of the damp pit, at which the damp immediately catched, and flowed over all the hollows of the work, with a great wind and a continual fire, and a prodigious roaring noise.” The miners dove for cover in the loose slack on the floor or dodged behind one of the posts that shored up the roof. The blast roared out to the ends of the mine, reflected and roared back: “It came up with incredible force, the wind and fire tore most of their clothes off their backs, and singed what was left, burning their hair, faces, and hands, the blast falling so sharp on their skin as if they had been whipped with rods.” Miners who hadn’t found cover were blown through the mine tunnel and bashed against the roof or wrapped around posts and knocked senseless.10

One miner was standing near the eye of the upper shaft when the blast caught him. It carried him along as it roared up through the shaft, bursting from the eye with a crack like cannon fire, flinging the miner’s body well above the treetops. The unlucky man had been fired from the mine shaft like a cannonball.

The hardest challenge of early coal mining was drainage. Rainwater flows through rills and streams into brooks and brooks into rivers, drawn always downward by gravity to the sea. About a third of any rainfall soaks into the soil and percolates downward into the earth. Eventually it encounters impermeable layers of rock. There it spreads out and flows along the rock layer until it finds cracks or permeable rock, when it continues percolating down to the next impermeable layer. Thus soaking, filtering, spreading, it saturates the permeable rock to form a subterranean lake: an aquifer. To create a water well, dig a hole far enough into the ground to penetrate below the surface of this aquifer; your hole will fill to the level of that surface—the water table—and refill as water is withdrawn.

Mines on high ground could be drained with adits, but as superficial coal seams depleted, owners opened deeper seams that extended below the water table. Then water had to be pumped out or the flooded mine abandoned. Many were, adding to the accumulating reward for finding a method of draining them and keeping them drained so that the coal could be wrought. Mine drainage was what Galloway called “the great engineering problem of the age.”11

Windmills wouldn’t do for pumping in the uncertain English weather. Waterwheels worked when there was sufficient water, but flows tended to be seasonal. Nor were many flooded mines located near streams of adequate volume. Mine owners turned first to horses harnessed to gins: raised horizontal drums large as waterwheels, which the animals worked by walking in circles, the rotary power winding up and unwinding a strong rope that turned through a pulley down a mine shaft.

Horse gins hauled water up the mine shaft in buckets. They hauled corves of coal as well. Galloway says the system was both limited and expensive: horses had to be bought or bred and raised, fed, and maintained. “In some instances, as many as fifty horses were employed in raising water at a single colliery”—at an expense, Galloway estimates, of not less than £900 a year (today £113,600, or $169,000). Deeper mines, impossible to drain with horsepower alone, had to be abandoned. Drowned mines, lost capital, lost work opened a space for invention.
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Horse gin.



Discoveries in science prepared the way. That the atmosphere has weight had been known since the 1643 experiments of Galileo’s protégé Evangelista Torricelli. Torricelli’s experiments led to the invention of the mercury-column barometer, which responds to changes in air pressure—that is, to changes in the density of the column of air above the instrument. The Prussian engineer Otto von Guericke demonstrated the force of the atmosphere in 1654 in a famous public exhibition before Emperor Ferdinand III at Regensburg. Von Guericke pumped out the air in two copper hemispheres and mounted the resulting evacuated sphere between eight teams of horses. Only atmospheric pressure held the two hemispheres together, but the straining teams of horses could not pull them apart.

A friend of Von Guericke’s, the Jesuit mathematician Kaspar Schott, added a report of the event (and a vivid engraving depicting the scene) to a book he published in 1657. In England, the wealthy Irish natural philosopherI Robert Boyle, a duke’s son, read of Von Guericke’s experiments and demonstration just as Boyle was trying to work out how to make a vacuum on a larger scale than within the narrow glass tube of Torricelli’s barometer.12 Boyle was impressed with Von Guericke’s demonstration, less so with his laboratory vacuum system. Von Guericke made a vacuum in the laboratory by pumping the air from a jar inverted in a bowl of water. Boyle wanted to experiment with a vacuum—to see, for example, what happened to a burning candle enclosed in a vacuum jar as the air was pumped out—and that wasn’t something he could do with a chamber that had to be accessed underwater.
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Von Guericke’s demonstration of air pressure against a vacuum.



Though he was living by then in Oxford, Boyle turned to Ralph Greatrex, a London instrument maker of reputation. Greatrex proved unable to construct a workable air pump. An Oxford don who lectured in chemistry pointed Boyle to the young but ingenious Robert Hooke, twenty-three years old in 1658 and the don’s laboratory assistant. Boyle hired Hooke to help him, and after several unsuccessful attempts using other people’s designs, Hooke designed a vacuum pump that worked. It was a first-generation instrument, leaky and slow, but for Boyle it served to begin experimenting.

Boyle’s pump and his subsequent vacuum experiments not only demonstrated that a vacuum could be created and studied and had distinctive properties (extinguishing candles, transmitting light but not sound). It also revealed the force of air pressure: the weight of the atmosphere above and surrounding us as we go about our lives. “There is a Spring, or Elastical power,” Boyle wrote, “in the Air we live in.”13 The question then became how to harness such a powerful force at larger scale, outside the laboratory.
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Hooke and Boyle’s first air pump. After withdrawing the stopper K at the top of the globe, inserting test materials through the opening, and reinserting the stopper, cranking down the plunger C in the cylinder A withdrew air from the globe. Closing the valve L kept the air from refilling the globe while cranking up the plunger. With the plunger fully inserted into the cylinder, opening valve L again allowed more air to be withdrawn from the globe, progressively improving the vacuum.



Men had been experimenting with using heat to make partial vacuums since at least the beginning of the seventeenth century. A Dutchman, Cornelius Drebbel, invented a simple mechanism for applying fire to draw water in 1604, one he later illustrated in a book.

Drebbel described hanging a retort—a gourd-shaped metal container—over a fire with its mouth submerged in a bucket of water. As the fire heated the retort, the air inside would expand and bubble out through the water. Withdraw the fire, and the air remaining in the retort would cool, contracting and forming a partial vacuum. Ambient air pressure would then drive water from the bucket into the underwater mouth of the retort. Drebbel’s simple pump had potential. Enlarged and engineered further, it might draw water from a river, for example, to supply a community.

Drebbel, “a very light-haired and handsome man,” according to one courtier who met him, “and of very gentle manners,”14 produced other inventions as well: from fountain mechanisms to a barometric “perpetual-motion” display popular with royalty.15 In 1605 he traveled to London as a tutor to Henry Frederick, Prince of Wales, James I’s eldest son. Word of his inventive gifts spread across Europe, bringing Continental nobles to London to observe him at work. When the Holy Roman Emperor, Rudolf II, invited Drebbel to Prague, though he might have preferred to remain in England, he had little choice but to accept the invitation. Rudolf’s death in 1612 liberated him. Unfortunately, the Prince of Wales died that year as well, at eighteen, of typhoid fever. Drebbel finally returned to James I’s service in England in 1613.
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Drebbel’s simple pump.



There were those who laughed at King James for sponsoring Drebbel, “saying that this everlasting inventor has never achieved anything the cost of which has been covered by its usefulness.” One who defended the Dutch inventor was a young Dutch diplomat and poet named Constantyn Huygens, who first met Drebbel in London in 1621. Huygens ranked Drebbel with the great English genius Francis Bacon. “By the aid of penetrating knowledge,” Huygens praised him, “he has contributed remarkable mechanical instruments.”16

The most remarkable may have been Drebbel’s submarine, the first of its kind, an elongated diving bell that he demonstrated on the Thames to the Royal Navy in 1620. He had a rowboat with its bottom knocked out fitted with a domed wooden deck, the oarlocks and rudder sealed with leather gaskets and the entire boat covered with waterproofed leather. It could remain underwater for hours at a time, and there is reason to believe Drebbel knew how to generate oxygen chemically from saltpeter—potassium nitrate—to refresh the boat’s air supply. (Nitrate is a compound of nitrogen and oxygen.)17

Later in the 1620s, Drebbel made mines and rockets for the Royal Navy, which was attempting to relieve the Protestant Huguenots, whom the French were besieging at La Rochelle.18 Huygens’s son Christiaan, born at the end of that decade, would become one of the great natural philosophers of the seventeenth century. Drebbel died in 1633, but through his friendship with Christiaan’s father, the inventive Dutchman influenced the boy’s development.
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Drebbel’s submarine on the Thames, 1620.



Christiaan Huygens came to attention as a mathematician and astronomer. After studying law and mathematics at the University of Leiden, he published his first book, on the branch of mathematics called quadrature—finding the area of a geometric figure such as a circle—in 1651, when he was twenty-two. In the 1650s, Huygens learned to grind lenses and invented the first compound telescope eyepiece. In 1656 he correctly identified as a ring system the “ears” that other astronomers had seen jutting from Saturn. That year, he invented the pendulum clock as well.

These and other contributions prepared this brilliant and inventive young man to be selected as the first director of a new French academy of sciences, a project of King Louis XIV’s finance minister, Jean-Baptiste Colbert, modeled on Britain’s Royal Society. Colbert hoped that such an institution, established in 1666, might generate knowledge that could be turned into industry to increase the king’s revenues. Huygens summarized his project for the newly appointed members of the academy:

There is no better topic for research, and nothing is more useful to know, than the origins of weight, warmth, cold, magnetism, light, colors, the compounds of air, water, fire and all established matter, the breathing of animals, the development of metals, stones, and plants, all matters that man knows little or nothing of.19

Among the practical technologies Huygens thought worth pursuing, he included two possible methods of generating motive force: “Research into the power of gunpowder, of which a small portion is enclosed in a very thick iron or copper case. Research also into the power of water converted by fire into steam.”20

Huygens pursued his gunpowder project in 1672, when the twenty-six-year-old German polymath Gottfried Leibniz arrived in Paris to ask Huygens to help him improve his knowledge of mathematics. Huygens agreed and set Leibniz to work studying quadrature and calculating the value of pi. The other partner in what would be Huygens’s gunpowder-engine adventure was Denis Papin, a physician a year younger than Leibniz who had forsaken medicine for engineering. Huygens met Papin in 1671 at Versailles, Louis XIV’s great palace chateau twelve miles southwest of Paris, where the young engineer managed the windmill pumping system that powered the fountains in the extensive palace gardens. Papin’s work so impressed Huygens that he hired him as his assistant.
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Early versions of Saturn: (1) Galileo, 1610; (2) Christoph Scheiner, 1614; (3) Giovanni Battista Riccioli, 1641. Huygens published these and others in the 1659 book where he correctly identified the “ears” as rings.
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Huygens’s version, in the same 1659 book, Systema Saturnium.



The task Huygens set his two protégés in 1672 was to develop an engine powered by gunpowder. This curiosity was evidently conceived and perhaps prototyped by Caspar Kalthof, another Dutch engineer and gunmaker. Kalthof had worked for many years for the English Crown at Vauxhall, an experimental ordnance works in the London borough of Lambeth, the shop where Drebbel had developed his submarine. Huygens had met Kalthof on a visit to London and come away with some idea of how a gunpowder engine might work. Kalthof’s death in 1667 or 1668 left the project open to whomever might choose to pursue it.

Leibniz, who had corresponded with Von Guericke, had already written a report on the Prussian engineer’s vacuum demonstration for another member of the French academy.21 The gunpowder engine that he and Papin now constructed for Huygens represented another way to turn atmospheric pressure into mechanical work: a small charge of gunpowder exploded below a piston inside a thick-walled metal cylinder that blew some of the air out of the cylinder through flap valves, creating a partial vacuum. Outside air pressure on the open-ended piston then drove it farther into the cylinder. If the piston was attached to a rod or a cable, objects connected to those extensions would move.

Huygens demonstrated a model of the engine to Colbert. It had already lifted “four or five footmen . . . with ease,” he said, the footmen presumably standing on a platform connected to the piston cable.22 Huygens imagined that his gunpowder engine “could be applied to raise great stones for building, to erect obelisks, to raise water for fountains, or to work mills to grind grain.” The Dutch engineer predicted “new kinds of vehicles on land and water” and even “some vehicle to move through the air.”23

But the gunpowder engine didn’t work well. Not all the gases from the explosion left the cylinder, limiting the vacuum; the powder residue excoriated the cylinder walls; and, as designed, the explosions were one-off, requiring the piston to be withdrawn to insert another powder charge. No mills would grind grain under its power, nor would much water be raised.

Huygens moved on to inventing the mainspring-driven pocket watch and, a few years later, postulating the finite velocity of light. Leibniz crossed to London, where, despite election to the Royal Society, he continued his frustrating search for a secure position that might allow him time to work on philosophy. Papin, the physician-turned-engineer, recognizing the increasing risk of living as a Huguenot in Catholic France, moved to London in 1675. A letter of endorsement from Huygens recommended him to Robert Boyle, who had lost Hooke’s services to London’s Gresham College and to the Royal Society. Never a hands-on experimenter, Boyle hired Papin as his laboratory assistant.

In London, Papin applied his growing experience with steam to inventing a device for rendering palatable tough vegetables, tougher meat, and even bones: the pressure cooker. He called it his “New Digester for softening bones, etc.”24 He demonstrated it to the Royal Society in 1679. This innovative kitchen appliance might seem far removed from development toward a steam engine, but it incorporated a crucial feature that would be required later to make such engines safe: a self-regulating safety valve. Much like a modern pressure cooker safety valve, Papin’s valve placed a levered weight over a small pipe that exited the lid of the cooker; steam from the cooker sufficient to lift the weight, release some of the steam, and reduce the internal pressure protected the machine from exploding.

Papin moved to Venice in 1681 to work as director of experiments at a new scientific academy that Venice’s ambassador to England, Ambrose Sarotti, organized there in emulation of the Royal Society. He returned to England as temporary curator of experiments to the Royal Society in 1684 for a modest £30 annual salary (today £4,000, or $6,000), evidently hoping to be appointed secretary of the society. Demonstrators were not accorded scientific authority in eighteenth-century England, however, no matter how exceptional their gifts—they were closer in standing to servants, who were expected to represent their masters’ opinions, right or wrong.25 The appointment went instead to the astronomer Edmond Halley, and in 1687 Papin crossed Europe again to a mathematics professorship among fellow Huguenots at the University of Marburg, in Hessen.
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Papin’s 1679 digester, with weighted safety valve L-M-N.



At Marburg, Papin continued his experiments. In the late 1680s, observing that water occupies more than a thousand times its previous volume when it turns to steam, he decided that steam rather than gunpowder was the better working medium for his engine.

“Since it is a property of water,” he wrote in 1690, “that a small quantity of it, converted into steam by the force of heat, has an elastic force like that of the air”—that is, expands and pushes against the walls of its container—“but, when cold supervenes, is again resolved into water, so that no trace of the said elastic force remains; I felt confident that machines might be constructed, wherein water, by means of no very intense heat, and at small cost, might produce that perfect vacuum which had failed to be obtained by aid of gunpowder.”26

Papin was proposing to use steam to fill the cylinder, pushing up the piston to its highest position, and then hold the piston there with a latch while the cylinder cooled and the steam condensed back into water, losing most of the volume it had previously occupied. If he kept the cylinder sealed off from the air, the condensing steam would leave a vacuum in its place. Release the latch, and the full force of the atmosphere would push down the piston to fill the vacuum, pulling along whatever might be attached to it. Several such units operating together, like the cylinders in a modern automobile engine strung along a crankshaft, might produce a steady output of power.

Papin thought his “tubes,” as he called them, could be “applied to draw water or ore from mines, to discharge iron bullets to a great distance, to propel ships against the wind, and to a multitude of other similar purposes.” Of these possibilities, he was most interested in “moving vessels at sea . . . . My lightweight tubes would not slow down the ship; would take up little room; might also be readily manufactured in volume if a factory were built and fitted up for that purpose; and, lastly [unlike animal power or manpower], the tubes would consume no fuel except during operation; while in harbor, they would require no expenditure.”27

The source of power in Papin’s engine wasn’t steam but the weight of the atmosphere acting on the vacuum the condensing steam left behind. So increasing the power of his engine required using a larger volume of steam in larger cylinders that could entrain a larger column of atmosphere. At the time, no one knew how to manufacture such large-scale machinery. Papin hoped his new engine might be a major inducement to its development.

While teaching at Marburg, Papin married his widowed cousin and added responsibility for her extended family to his burdens. He turned to Huygens for help in finding a better-paying position. Perhaps as a result, in 1695 he received appointment as a counselor to the landgraveII of Hesse-Kassel, the closest he ever came to acquiring a noble patron. Unfortunately, Landgrave Moritz wasn’t interested in financing an iron foundry or a factory for Papin’s atmospheric engine. Instead, he wanted fountains in his gardens like those at Versailles.

For that project, Papin designed and had built a steam pump that moved water to an elevated storage tank from which it could flow by gravity to the landgrave’s fountains. The system took a year to design and build. It worked, but only briefly: one of the pipes burst. Papin had another made. That burst too. Pipe construction wasn’t yet up to the challenge of containing high-pressure steam.28

The landgrave then conceived a program of his own, Papin wrote Leibniz in April 1698, “a new plan, very worthy of a great Prince, to attempt to discover where the salt in salty springs comes from.” To do that, he needed a way to draw out “a great quantity of water . . . . I’ve made many tests to try to usefully employ the force of fire for this task.” He was building a new furnace to make large retorts of forged iron and had designed a new kind of bellows to blow the furnace fire. “And thus one thing leads to another,” Papin concluded. He had to devise new infrastructure as he went along, that is, slowing and complicating each project.29

Leibniz responded immediately to Papin’s letter, asking if his system for raising water was based on rarefaction, meaning condensing steam to make a vacuum. Papin replied that it was, but it also used steam pressure directly. “These [direct] effects are not bounded,” he told Leibniz, “as is the case with suction.”30 Papin meant that his engine had two modes of action: (1) the pressure of expanding steam; and (2), rarefaction or suction—harnessing the power of atmospheric pressure to fill a partial vacuum. In the engine’s direct-action phase, a small quantity of water was poured into a cylinder, a piston was inserted and pushed down until it contacted the water, a ported lid was screwed onto the cylinder, and a fire built under it. When the water turned to steam, it pushed up the piston, which a spring-loaded rod then pinned into place. Removing the fire and allowing the cylinder to cool caused the cooling steam inside to condense back into water, creating a vacuum where steam had been before. Removing the rod holding up the piston allowed the piston, in Papin’s words, to be “pressed down by the whole weight of the atmosphere,” forcing it down to fill the cylinder again.31 With the piston connected to a crank, both the upward push of the steam and the downward push of the atmosphere could be applied to do useful work such as pumping water or turning a boat paddlewheel.

Papin understood that his move to using steam pressure directly was revolutionary. The condition of the roads in that era, he thought, probably foreclosed operating a steam carriage, “but in regard to travel by water, I would flatter myself that I could reach this goal quickly enough if I could find more support.”32

Sadly, Papin was in no position to build even a model of his double-acting steam engine. The landgrave wasn’t interested in investing in the project, and Papin had no money of his own. The best he could do, in 1695, was to publish a book about his inventions, Collection of Various Letters Concerning Some New Machines.33 In that book, he described his Hessian bellows—a fan that rotated inside a casing, something like a large-scale version of a modern hair dryer without the heating element—and suggested its use, with air, replacing ordinary bellows for iron smelting or, with water, pumping fountains or putting out fires. More radically, Papin proposed using his steam engine to drain mines. His book was reviewed in a 1695 issue of the Philosophical Transactions of the Royal Society of London, so its basic ideas would have circulated at least among those members of the society who read the journal, and almost certainly more widely.34

Writing again to Leibniz in late 1698, Papin reported that he had been able to use steam pressure “to raise water up to 70 feet.” That was a considerable achievement, since an atmospheric engine using steam only to create a vacuum was limited to raising water about 33 feet, the maximum lift that the pressure of the atmosphere—14.7 pounds per square inch at sea level—could produce. He discovered in the process that heating the steam above the boiling point greatly increased its power. Which meant, he told Leibniz, that steam was a better work agent than gunpowder.35 Papin was right, as future developments would show, but the technology of the day, particularly the low melting temperature of the solder used to hold together the plates of steam boilers, wasn’t adequate to allow the use of hotter, high-pressure steam: at higher pressure, solder softened, and steam boilers tended to blow apart.

In 1698 Papin’s priority as an inventor and a pioneer came under challenge. While Papin was corresponding with Leibniz, an English engineer named Thomas Savery was patenting “A new invention for raising of water and occasioning motion to all sorts of mill work by the impellent force of fire, which will be of great use and advantage for drayning mines, serveing townes with water, and for the working of all sorts of mills where they have not the benefitt of water nor constant windes [for water- or windmills].” Like Papin’s, Savery’s engine combined both atmospheric and direct steam systems to pump water. The scale model he demonstrated before the Royal Society on 14 June 1699, impressed the members, but Savery, like Papin. would have difficulty making a full-sized engine work, and even more difficulty winning it a fair hearing.36



I. Scientists were called natural philosophers until 1833, when William Whewell, the master of Trinity College, Cambridge, coined their modern name.

II. In English, a count.



THREE


A GIANT WITH ONE IDEA

Denis Papin was an honest man. He might have claimed that Thomas Savery had stolen his idea for a double-acting steam engine, but he knew that ideas for raising water by fire were thick in the Enlightenment air. “I do not doubt that the same thought may have occurred to [Mr. Savery],” he responded to the news of Savery’s 1698 patent, “as well as to others, without his having learnt it elsewhere.”1

In 1704, however, when Leibnitz sent Papin a sketch of Savery’s engine that he had acquired from contacts in London, Papin realized that it was grossly inefficient, perhaps even unworkable: Savery’s engine, at one phase in its pumping cycle, used steam to blow cold water from a tank, with no intervening piston to prevent the cold water from condensing the steam. A much larger volume of steam would have to be injected into the tank to blow out the water.2 That waste of energy reduced the engine’s efficiency to less than 1 percent.3 Nor was Savery’s steam boiler protected with a safety valve, something Papin had invented and applied decades earlier when he developed his pressure cooker and now routinely included in his boiler designs.

Yet Papin’s engine as well as Savery’s suffered from design flaws that neither man found occasion to correct: both engines were designed to be controlled by hand. Their complicated sequences required a tireless operator to open and close their various valves several times a minute. Leibniz wrote to Papin as late as 1707 recommending he refine his design so that his engine’s valves would be “alternately opened and closed by the machine without having to use a man for this purpose.”4
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But Papin was in no position to work on refinements. Falling out of favor with the landgrave, his Hessian patron, he had decided in 1706 to return to England. He carried with him plans for a steam-powered paddlewheel boat to present to the Royal Society, hoping for sponsorship. In London, unfortunately, his alignment with Leibniz worked against him. Isaac Newton had been elected president for life of the Royal Society in 1703. Both Leibniz and Newton had independently formulated the powerful mathematical system known as the calculus, and Newton and his followers were fighting a priority battle with Leibniz.

Papin described his steamboat to the Royal Society in February 1707. He asked the society to support building an eighty-ton prototype, which he estimated would cost £400 (today £57,000, or $84,000).5 No such funds were forthcoming, nor was the society under Newton prepared to hire Papin again as a curator. It offered instead to pay him for any experimental demonstrations he gave, provided that he submitted his ideas in advance for approval. In 1708 the society leadership referred his steam engine plans to Savery, his primary competitor, for assessment. Unsurprisingly, Savery disparaged Papin’s design. If Papin had dismissed Savery’s grossly inefficient use of unshielded steam to pump cold water, Savery condemned Papin’s cylinder and piston, claiming they wouldn’t work “because the friction would be too great.”6

Across the next four years, a desperate Denis Papin offered to demonstrate various inventions—a fuel-saving furnace; a method of purifying and heating room air—none of which the Royal Society cared to view or support. Down and out in Stuart London, he disappeared from history in 1712.7

Thomas Savery fared only a little better. “A small-scale Savery engine could be made to work most convincingly,” writes the historian of technology Richard L. Hills. “No doubt, when Savery demonstrated his models, he stirred up great enthusiasm for his project.”8 Along with demonstrations, Savery published a promotional book called The Miner’s Friend; or, An Engine to Raise Water by Fire, decorated with drawings of little workmen putti. 9

But the larger the engine Savery constructed, the less efficiently it worked. It functioned adequately as an atmospheric engine, creating a partial vacuum by pouring cold water over a cylinder flushed with steam to draw water about twenty feet up a pipe. For lack of a safety valve, however, it could pump that water only a little higher by direct steam injection without risking blowing up its boiler. “The steam when too strong tore it all to pieces,” one observer reported.10 Savery’s engines served as water pumps for the York Buildings water tower along the Thames in London as well as for a royal residence in Kensington, Queen Anne’s Palace.11

“Savery vastly overestimated the capabilities of his engine,” Galloway concludes, “and underrated the drawbacks to its use. He erected several which carried water very well for gentlemen’s seats; but as an engine for draining mines, it proved an absolute failure.”12 Clearing a deep, drowned mine would have required five to ten of Savery’s engines, shelved into the mine shaft every thirty feet, one above the other. Given their prodigious appetite for coal, ten such engines in a stack might have consumed most of the coal being mined, not to mention exhausting the men required to operate them. Nor did mine owners welcome fire engines into their mines, given the risk of igniting any lingering methane. After 1705, having sold only two, Savery gave up trying to peddle his engines for draining mines.13 He continued manufacturing them for town and estate waterworks.
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When new technologies falter, reverting to earlier, more dependable systems can sometimes ease the transition, combining the old with the new. The earlier, commercially successful steam engine for mine drainage succeeded by retreating from such ambitious designs as those of Papin and Savery. If the craft skills of the day were inadequate to produce boilers capable of containing high-pressure steam, part of the answer to raising water by fire was to make use of steam only at atmospheric pressure, condensing it to create the partial vacuum of the atmospheric engine. Thomas Newcomen, a Devonshire ironmonger, pursued that path beginning around 1700.

Ironmongers in that era not only sold hardware but also crafted it—tools in particular. Making and selling tools carried Newcomen into the tin mines of Devon and Cornwall. Like England’s coal mines, its tin mines were being extended deeper underground as more superficial veins of tin ore were exhausted. By the turn of the eighteenth century, flooded mines had become a serious problem, and pumping them dry with horse sweeps was expensive. The anonymous author F. C., a miner, estimated in his The Compleat Collier, published in 1708, that “dry collieries would save several thousand pounds per annum which is expended in drawing water hereabouts.”14 Newcomen was responding to a lucrative opportunity.

Thomas Newcomen was a descendant of impoverished nobility in southwest England, born in Dartmouth in early 1663 and probably apprenticed to an Exeter ironmonger to learn his craft and trade. He finished his apprenticeship and returned to Dartmouth around 1685, when he was twenty-two, and established himself in business. A devout Baptist, Newcomen married late, at forty-one. In 1707 he leased a large house in Dartmouth for his family, which the Baptist congregation he led also used as a place of worship. A fellow Baptist, John Calley, had partnered with him at some earlier time and shared the work of invention.15

Not much is known about how Newcomen developed the engine that would bear his name, nor even how aware he may have been of the inventions of Papin and Savery. His most credible witness is a Swedish engineer named Marten Triewald, a founder of the Royal Swedish Academy of Sciences, who worked in England from 1716 to 1726. Triewald helped build a Newcomen engine there, built another one in Sweden after he returned, and knew Newcomen personally.16 He wrote in 1734 that the English ironmonger had invented his engine “without any knowledge whatever of the speculations of Captain Savery.” Instead, Triewald argues, Newcomen saw opportunity in “the heavy cost of lifting water by means of horses.”17 That may be so, but it’s unlikely that Newcomen undertook a project that would occupy more than ten years of his life without some knowledge of previous efforts at harnessing fire to the problem of clearing flooded mines. Who except a fool reinvents the wheel?

Newcomen’s engine borrowed the best features of its predecessors and incorporated new features of its own. It borrowed Huygens’s cylinder and piston but followed Papin in substituting steam for gunpowder. It borrowed from Savery the idea of condensing steam to make a vacuum. The Newcomen engine, however, unlike Papin’s or Savery’s, heated water to steam in a large, separate boiler, then piped the steam through a flap valve up to an open-ended cylinder mounted overhead. Instead of using steam pressure to push up the piston, as Papin had, Newcomen hung the piston from a massive wooden rocking beam so that the weight of the beam as it rocked pulled up the piston to open the cylinder between cycles. Newcomen initially jacketed his brass cylinder with a lead casing into which cold water could be poured to condense the steam and create the vacuum that allowed atmospheric pressure to push down the piston, pulling down the rocking beam along with it.

Newcomen’s design unquestionably improved on its predecessors. The piston separated the steam from the water it was lifting, reducing the volume of steam required and thus saving on coal. Cooling the exterior of the cylinder by pouring cold water over it condensed the steam more quickly, allowing the engine to pump faster. Since the steam was used only to create a vacuum, the system could operate at atmospheric pressure. And because the capacity of atmospheric engines depends on increasing the working area of their pistons, the piston and cylinder could be built larger or smaller to match the expected load.18
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So far, so good. But pouring water over the cylinder to cool it from the outside was still relatively slow, limiting the power output. Newcomen’s early design was much less efficient than it could be, though more efficient than Savery’s.

A transformative breakthrough came by accident when Newcomen was still working with models and had not yet built a full-sized engine. According to Triewald, an “imperfection” in the brass cylinder—a hole that had been mended with solder—gave way, and the cold water pouring over the outside “rushed into the cylinder and immediately condensed the steam, creating such a vacuum that . . . the air . . . pressed with tremendous power on the piston, caused its chain to break and the piston to crush the bottom of the cylinder as well as the lid of the small boiler. The hot water which flowed everywhere thus convinced . . . the onlookers that they had discovered an incomparably powerful force which had hitherto been entirely unknown in nature—at least, no one had ever suspected that it could originate in this way.”19

This accidental discovery of cold-water injection was the key to the success of the Newcomen engine. The inventor had to add a cold-water holding tank to his engine’s machinery (g in the cutaway drawing on the preceding page, under the rocking beam, from which the cold water sprays inside the cylinder from a pipe labeled f).I With cold-water injection, a Newcomen engine could cycle about twelve times a minute, pumping up water from hundreds of feet below. Dorothy Wordsworth, sister of the poet William Wordsworth, observed a Newcomen engine pumping even more slowly on a tour of Scotland with her brother and their friend Samuel Taylor Coleridge in 1803:

When we drew nearer, we saw, coming out of the side of the building, a large machine or lever, in appearance like a great forge-hammer, as we supposed for raising water out of the mines. It heaved upwards once in half a minute with a slow motion, and seemed to rest to take breath at the bottom, its motion being accompanied with a sound between a groan and a “jike.” There would have been something in this object very striking in any place, as it was impossible not to invest the machine with some faculty of intellect; it seemed to have made the first step from brute matter to life and purpose, showing its progress by great power. William made a remark to this effect, and Coleridge observed that it was like a giant with one idea.20

Newcomen also had to devise a system of levers and valves to make his engine operate automatically rather than by hand, as Savery’s did. Though these were crude by modern standards, requiring frequent adjustment, they worked well enough. With coal cheap at the pithead, Newcomen engines pumped water from British coal mines for more than two hundred years.

Unfortunately for Newcomen, Thomas Savery had written his 1698 patent so broadly that it covered all engines that raised water by fire, and Parliament in 1699 had extended the Savery patent for an additional twenty-one years beyond the original fourteen, to 1733. Having no other choice, Newcomen partnered with Savery, an arrangement that continued after Savery died in 1715 with a joint-stock company formed to exploit the Savery patent, the Proprietors of the Invention for Raising Water by Fire.21 The proprietors issued eighty shares, of which Newcomen was awarded twenty.

Newcomen built his first full-scale commercial engine within sight of Dudley Castle, near Birmingham, in 1712. This Dudley Castle engine’s cylinder, made of cast brass, was 21 inches in diameter and almost 8 feet long; it raised water from within a coal mine 153 feet below, and because it was built above the mine, at ground level, it risked no mine fires.22 Other Newcomen engines followed across Britain. One behemoth with a 47-inch cylinder, built in Cornwall in 1720, raised water 360 feet.23

If draining a colliery with horsepower cost not less than £900 a year, a Newcomen engine did the same work at an annual cost of only £150, one-sixth as much.24 With only marginally better efficiency than Savery’s engine, however, and literally large as a house, the Newcomen engine was a transitional technology, limited almost entirely to pumping water from mines. “It takes an iron mine to build a Newcomen engine,” contemporaries said, “and a coal mine to keep it going.”25

Despite their drawbacks, Newcomens revitalized the mining industry in north-central England.26 Between 1710 and 1733, when the patent expired, no fewer than 104 Newcomen engines were built in Britain and abroad.27 Many more would follow—550 or more by 1800—but coal’s industrial uses were still limited.28 No one had yet devised a process for smelting good iron with coal; its primary market was still for home heating. As that market glutted, coal prices plummeted. “Between long adits, and wet pits, and hostmen’s monopolies,”II Galloway writes of a slightly earlier period, “not to speak of the primitive methods of conveying coal both underground and on the surface then in vogue, the lessees of collieries seem to have been in quite a sorry plight.”29 The Newcomen engine would reduce the long adits and wet pits, but a use for the coal thus liberated and a more efficient means of transporting it remained to be found.

Early English roads were terrible. The Crown required landholders to maintain local roads at their own expense, one of three ancient obligations—to keep roads and bridges in repair, to build and maintain fortifications, and to serve in the militia—exacted to facilitate the kingdom’s defense.30 Roads for ordinary communication and commerce were effectively orphans. “That the ways, in winter, must be impassable for wheel traffic was habitually taken for granted,” write historians Sidney and Beatrice Webb. They were hardly more than tracks until the middle of the eighteenth century, traversed on foot or on horseback when summer dust and winter mire allowed. “Coaches are not to be hired anywhere but at London,” an early-seventeenth-century travel writer reports, “and although England is for the most part [a] plain, or consisting of little pleasant hills, yet the ways far from London are so dirty that hired coachmen do not ordinarily take any long journeys.”31

The bulk of road traffic, the Webbs report, winter and summer, was animals on foot: a hundred thousand head of cattle and three quarters of a million sheep annually to Smithfield for fattening, vast droves of cattle to London for slaughter, legions of ducks, geese, and turkeys, numberless hogs. “For the further supplies of the markets of London,” a writer noted in 1748, “they have within these years found it practicable to make the geese travel on foot too, and prodigious numbers are brought to London in like droves from the farthest parts of Norfolk.” The flocks were large: one or two thousand birds driven together in a noisy, belligerent mass. “They begin to drive them generally in August, when the harvest is almost over, that the geese may feed on the stubble as they go. Thus they hold on to the end of October, when the roads begin to be too stiff”—sticky, viscous—“and deep for their broad feet and short legs to march in.”32 Moving animals on foot worked against road improvement; farmers wanted soft roadbeds for their herds and flocks, not hard surfaces that might lame them.

Coal moved locally in carts or in panniers on packhorses, but it was shipped by river and near shore to London. As mine owners devised methods of finding coal and then of draining flooded mines, output increased accordingly. Mines adjacent to rivers depleted, and new pits had to be opened farther inland. Two new problems arose: negotiating wayleave fees with landowners for crossing their property in a countryside of limited and primitive public roads; and moving the coal from the pithead to the river.

Wayleave was straightforward, if often costly. Francis North, Charles II’s Lord Keeper of the Great Seal, found the wayleaves of Newcastle landowners “remarkable,” his brother remembers: “For when men have pieces of ground between the colliery and the river, they sell leave to lead coals over their ground, and so dear that the owner of a rood of ground will expect £20 per annum for this leave.”33 A rood, an old English area measure, was only a quarter of an acre, or about a fifth of an American football field; in the midseventeenth century, £20 was the equivalent of about £2,500 today, or $3,700. A rood was 104 feet on a side; at 51 roods to a mile, the expense of wayleave could be prohibitive. A witness testified in Parliament as late as 1738, “There are fifty to sixty collieries unlet around Newcastle, caused partly by waterlogging [but partly by] prohibitive wayleaves.”34
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If wayleave could be negotiated, transport was the next challenge. Average cost per load across expensive wayleaves declined with volume. Packhorses and horse- or ox-carts served at first; in 1696 an estimated twenty thousand carts and cart horses moved coal from the collieries of the Tyne River and Wear River areas alone.35 But as coal production increased, wagons supplanted them. In the second half of the seventeenth century, the Durham and Northumberland coalfields alone produced 1.2 million tons of coal annually, and the total for all of Britain was almost 3 million tons; packs and carts were inadequate to transport such quantities.36 (To move that much coal today would require 260 one-hundred-car coal trains.) Britain, despite its roads, began shifting to wheeled transport early in the seventeenth century. The forty thousand Thames watermen serving London resented the competition; in 1623 the waterman poet John Taylor condemned the new “rattling, rowling, rumbling age” when “the World runnes on Wheeles.”37

Larger mines with direct access to the surface had long been laid with wooden rails to make coal and ore carts easier to move; moving a cart on rails required about one-sixth the effort needed to haul a sled or a cart on a dirt path.38 Moving coal to water on such rails—wagonways, they were called—would save money, time, and wear and tear.

The earliest known English wagonway dates from 1604. Huntingdon Beaumont, the son of a knight and an innovative coal entrepreneur, invented it or adapted it from the mining cart railing. Sir Percival Willoughby, Lord of the Manor of Wollaton, in Nottinghamshire in the East Midlands, was Beaumont’s business partner in pit-mining coal. “News has reached me of Master Beaumont’s efforts to move coal from Strelley to Wollaton Pits,” Sir Percival wrote in 1603. “His new invention will carry coal with wagons, with small wheels made from a single slice of oak, running on wooden rayles. I return home enlightened by this insight and possible cure for heavy loads; our roads are yet in unmade condition.”39
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In the next hundred years, wooden wagonways diffused across England. Sir Thomas Liddell laid one from his Ravensworth Colliery to the Wear River in 1671, the first section of what became an extensive system. Sir Humphrey Mackworth, a lawyer and early industrialist, commissioned a wagonway sometime after 1704 to move coal and copper ore from his estate in Neath, Wales, to the Neath River. Someone challenged Sir Humphrey’s innovations; a 1706 legal document defends them with the claim that they were already in wide use: “These waggon-ways are very common, and frequently made use of about Newcastle, and also about Broseley, Bentall, and other places, in Shropshire, and are so far from being Nuisances, that they have ever been esteemed very useful to preserve the roads, which would be otherwise made very bad and deep by the carriage of coal in common waggons and carts.”40 Sir Humphrey pioneered horseless locomotion as well, outfitting his wagons with sails: “I believe he is the first gentleman in this part of the world,” a countryman wrote of him, “that hath set up sailing engines on land, driven by the wind, not for any curiosity, but for real profit.”41

Wagons that moved themselves would be even cheaper for hauling coal than horse-drawn wagons. Daniel Defoe, a prolific journalist as well as a novelist, described that development in his 1726 handbook The Compleat English Tradesman. “[Coals] are then loaded again into a great machine,” Defoe wrote, “call’d a Waggon, which by the means of an artificial road, call’d a Waggon-way, goes with the help of but one horse, and carries two Chaldron or more [of coal] at a time.”42 (The weight of a chaldron of coal, 36 bushels, was fixed by law in 1678 at 5,880 pounds.)

Below the Tyne River in County Durham, the land slopes from west to east toward the sea, and from south to north into the Tyne Valley. Gravity would move a wagonload of coal down to the water, with a horse led along to haul the unloaded wagon back uphill. Flanges on the wagon wheels held the wagons on track so that they effectively steered themselves.

On longer slopes, Galloway reports, a wheeled platform attached to the coal wagon conveyed the horse downhill, “thus making the cart carry the horse”—putting the cart before the horse, that is. Horses adjusted quickly to the arrangement, he noticed, and seemed to enjoy the ride.43

But not all intervening landscapes sloped conveniently toward the nearest river. By 1725, the Liddell family had spent thousands of pounds improving its wagonways. William Stukeley, an antiquarian and Royal Society fellow who later wrote an early study of Stonehenge, visited the Liddell works that year and inspected the wagonway improvements:
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