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Introduction 

IT IS CURIOUS that no one has put together a history of both the steam and electric revolutions. Numerous authors have written about the history of electricity or some aspect of it. A lesser number have done the same for steam power, but no one has combined the two into a single narrative. Yet they are inseparable stories at the most basic level. Electricity is the single most important technology of the twentieth century. Without it the modern world simply doesn’t exist. People get at least a partial sense of this fact every time the power goes out for any length of time. However, there is a corollary that very few people realize: Without the steam engine there would be no electricity. Together they form the foundation of the modern world.

Industrialization created the modern world. It began during the eighteenth century when certain countries began increasingly to organize their economies around the manufacture of goods rather than agriculture, and to increase their productivity through the use of machinery. This transformation could not have occurred without the most basic revolution of all, the development of new sources of power—especially the steam engine and electricity. So far has this revolution advanced that today we would be utterly helpless without these sources of power.

Industrialization made the United States and the power revolution made industrialization. Similarly, technology made the electrical revolution and electricity made the technological revolution. The story of how this came about is the subject of this book. It can be fully understood only when both the steam and electricity revolutions are linked together. Theirs is an epic saga, a big-cast show filled with a variety of stars as well as supporting actors. The story involves dogged quests not only to develop startling new machines but also to explain some of science’s most tantalizing mysteries: the nature of heat, light, magnetism, and electricity. In every sense the power revolution was a journey of discovery for all its players. During the story of that journey the spotlight falls sometimes on the players and occasionally on the machines themselves.

When this quest began, no one understood what heat was, or light, magnetism, and electricity. Nor did human beings have at their disposal any source of power greater than human or animal muscle, wind, water, and fire. The curious minds that explored these complex questions happened upon some of the most important scientific principles yet formulated. Their concepts, and the uses to which they were put by others, shaped our modern view of nature and its inner workings. However, they were not alone in their quest. Quite another type of explorer, the inventor blessed (or cursed) with a curiosity all his own, tinkered with the creation of new types of machines despite having only a rudimentary knowledge of the principles that underlay their workings. Gradually the paths of these two parties of explorers began to converge until by the mid-to late nineteenth century their work began at last to move in tandem. By then both the scientist and the inventor had mostly advanced from gifted amateurs to trained professionals who knew how to build on each other’s insights.

There is another dimension to the power revolution that often gets overlooked. It required not only scientists, inventors, and engineers but entrepreneurs as well. No invention, however ingenious, could be worthwhile unless someone found a way to make it useful and productive. It had to serve some purpose, which means someone had to make a successful business of it. Inventors soon learned that their creations had to be commercially viable, and they were seldom good businessmen. Some, like James Watt, were lucky enough to find the perfect business partner with those talents lacking in themselves; others were not so fortunate and saw their careers flicker out in the bitter embers of what might have been. Even those who possessed both talents, most notably Thomas A. Edison and George Westinghouse, found themselves ultimately outmaneuvered in the business arena.

The story of the power revolution offers more than an interpretation of the origins of industrial America. It suggests another insight into the most elusive riddle of all: What is an American? Most answers to that question emphasize spiritual and intangible ideals and values such as liberty, freedom, rugged individualism, democracy, and religious purpose. However, one major American historian, David M. Potter, pointed to a much more material source: American abundance.1

Material abundance has always been present and even dominant in American life. But industrialization developed its potential to startling dimensions of productivity. A century ago Herbert Croly described the promise of American life as one “of comfort and prosperity for an ever increasing majority of good Americans . . . The general belief still is this: that Americans are not destined to renounce but to enjoy.” Industrialization fulfilled that promise on a fabu-xii lous scale, thanks to its outpouring of material goods. Even more, it defined the American Dream more vigorously than ever before in material terms until increasingly material things became an end in themselves rather than a means to some larger end.2

This transformation could not have occurred without the power revolution. The power revolution was not merely part of the technological revolution that drove industrialization. It was in many respects both a product and the source of that revolution. Electricity became not only the dominant technology of modern times but also the basis for redefining the nature of American abundance. The American version of progress came to rest squarely on the belief that every new generation of technology would bring an array of new products and goods that promised a better life tomorrow than existed today. It rooted American beliefs and values squarely in the premise that the good life was one that revolved around material well-being, which anyone might attain with hard work, perseverance, and some good luck.

Technology rarely comes without a price tag and a learning curve. We are still toting up the one even as we struggle to master the other. The beauty of invention is that it seems like an improbable blend of magic and the obvious. Some inventions, like the can opener, seem so clear and self-evident once someone actually creates them. Others, like electricity, remain a mystery even as they become so integral to our lives that we cannot do without them. In either case the consequences of a new technology can never be predicted. It enters the world and often begins to change first the way things are done and then the way people look at their world. Above all, it creates new mind-sets imbued with an escalating scale of expectations. Few technologies did this to the extent and duration of electricity and its partner in change, the steam engine. To a larger degree than most people care to admit, we have become what our technologies made us. Those who try to reject their influence find themselves no less shaped by technologies than those who embrace the changes they foster. To know the steam and electricity revolutions is to understand how they changed in dramatic form the relationship between people and their technologies.

Maury Klein 
Saunderstown, RI 



PROLOGUE 

A Show of Power:
Philadelphia 1876 

The watchword of live men—the world’s reliance in all that pertains to the benefit of the race—is progress. There is no halting, no supineness, but a constant, unremitting effort to press forward to new conquests, new discoveries in science, in art, in all that is calculated to prove of value to mankind.

—PRAIRIE FARMER, MAY 27, 1876 

ONE EVENING IN SEPTEMBER 1876 a nine-year-old boy, call him Ned, got the surprise of his young life. His parents summoned him and asked if he wished to go with his father to the great Centennial Exhibition in Philadelphia. He did not have to be asked twice. Scarcely containing his excitement, Ned boarded a train in his hometown in Iowa on September 10 and watched enthralled for hours as the fields and villages flashed by his window. Next morning he ate breakfast in eastern Indiana and went on to Columbus, Ohio, where his father pointed out the statehouse and the penitentiary with its toylike guardhouses. That night they traveled through Pittsburgh and then Harrisburg until they reached Philadelphia early on September 12. They got off at the Elm Station Depot, about three miles from the entrance to the exhibition, and went at once to the Patrons of Husbandry Encampment to get their room.1

The encampment was a cluster of pleasant, newly furnished buildings run on behalf of the Grange for its members visiting the great show. Ned and his father dropped their baggage in their room, tidied up a bit, and hurried to board a train for the exhibition, which was located in Fairmount Park. The ride took only ten minutes and cost eight cents, or fifteen cents round-trip. At one of the entrance gates they each deposited their fifty cents and stepped inside to confront the largest building they had ever seen.

The Main Exhibition Hall was in fact reputed to be the largest building in the world, stretching 1,880 feet in length and 464 feet in width. Its vast interior enclosed more than twenty-one acres of space beneath a ceiling that soared seventy feet. Its framework of iron trusses reminded Ned’s father of a gigantic railroad shed. At all four distant corners towers rose seventy-five feet into the air, with ranks of stairs that carried hardy visitors to their summits to view the surrounding sights. Rather than climb the towers, Ned and his father first bought a guide to the grounds and then walked down the left wing to the door.

“We’ll come back later,” Ned’s father said, touching his head. “Let’s go see the monster first.”

Ned nodded eagerly and followed him through the door. Once outside, they crossed an open space with walkways that converged at the Bartholdi fountain and entered another enormous building. The main cavern of Machinery Hall extended 1,402 feet in length and 360 feet in width, enclosing an area of about fourteen acres. At its center a wing jutted out to the south, some 208 feet long and slightly wider. Both sides of the seemingly endless hall teemed with machinery exhibits of all kinds. The displays overflowed into clusters of annex buildings located beyond both sides of the wing. Ned and his father walked to the center of the main hall, and suddenly there it was. Looming before them stood the greatest wonder of all: the enormous Corliss steam engine. The largest engine in the world, it had been built especially for the Centennial Exhibition. Already its fame had spread throughout the world. Three weeks earlier a New York reporter inspecting the exhibits wrote that he would say little about the great Corliss engine because it had “been written about in every newspaper from Montreal to Melbourne, and is, so far as journalism is concerned, a threadbare topic.”2

Awed by the sight of this huge yet surprisingly graceful machine, Ned and his father stood in front of it as if before an altar and watched the hypnotic rhythm of its motion. The Corliss sat on a raised circular platform fifty-five feet in diameter and reached thirty-nine feet above the floor. It was actually two separate beam engines sharing a giant flywheel thirty feet in diameter and weighing fifty-six tons. The cranks of both engines connected to the same crankshaft. Instead of using the usual flatbelt around the flywheel to transfer power, it utilized an enormous pinion gear—at thirty feet in diameter it was the largest ever made—that engaged 216 teeth on the flywheel cut so precisely that they turned with astonishing smoothness and ease. The highly polished cranks, made of gunmetal, weighed five tons each.3

The pinion gear resided beneath the flooring, where an amazing network of shafts extended to the ends of the building and turned eight main pulleys that were belted to overhead shafting throughout the hall. The main shaft ran 252 feet and was joined at each end and two points in between by four other shafts, each 108 feet long and 6 feet in diameter. The main belting, more than seven miles of it, passed through the hall in obscure places behind glass enclosures and became itself an exhibit of sorts. The twenty boilers needed to feed the giant engine sat in a separate house beyond the main building. They generated 70 horsepower each and fed the engine through a network of riveted, wrought-iron underground pipes. The red brick boiler house, ninety feet high with two ornamented chimneys, became an exhibit in itself with a balcony that enabled visitors to watch its operations.4

Through this intricate system the Corliss powered virtually every machine within the fourteen-acre confines of Machinery Hall. Each of its eight main pulleys connected to an overhead main shaft by a double belt thirty inches wide and seventy feet long. A complex network of shafting that utilized four nests of beveled gears, each one six feet in diameter, transferred power from the giant Corliss to all the other machines in the building. Like the main belting, all this lay out of sight beneath the flooring. The effect was spectacular. “Acres upon acres of machinery of every description are set in motion simultaneously,” marveled a reporter, “by over seven miles of shafting, which is in its turn moved by the great central engine.”5

The noise in the building had startled Ned when he entered, but hardly any of it came from the Corliss. The huge flywheel turned its thirty-six revolutions every minute in near silence, producing 1,400 horsepower, although some said it was capable of reaching 2,500 if needed. Novelist William Dean Howells visited the engine and conceded that its “vast and almost silent grandeur” defied description. “It rises loftily in the centre of the huge structure,” he wrote, “an athlete of steel and iron with not a superfluous ounce of metal on it: the mighty walking-beams plunge their pistons downward, the enormous flywheel revolves with a hoarded power that makes all tremble.” On the platform beneath the engine, an engineer sat “reading a newspaper as in a peaceful bower. Now and then he lays down his paper and clambers up one of the stairways that cover the framework, and touches some irritated spot on the giant’s body with a drop of oil, and goes down again and takes up his newspaper.”6

Frédéric-Auguste Bartholdi, the French sculptor who had contributed a fountain to the Centennial and less than a decade later would create the Statue of Liberty, was as enchanted as Howells at the sight. “The lines are so grand and beautiful,” he wrote, “and the play of movement so skillfully arranged, and the whole machine was so harmoniously constructed, that it had the beauty and almost the grace of the human form.” Poet John Greenleaf Whittier did not share these sentiments. At sixty-nine an uneasy stranger in the presence of the new industrial might, he contributed a hymn to the opening of the Centennial but could not bring himself to visit the spectacle in person. “The very thought of that Ezekiel’s vision of machinery and the nightmare confusion of the world’s curiosity shop appalls me,” he admitted, “and I shall not venture myself amidst it.” His was decidedly a minority view, however; the Corliss easily became the most popular attraction of the exhibition. “To this day,” wrote historian Robert C. Post, “it remains the prime symbol of the Centennial and still evokes a whole mythology. A march was written to it. It was acclaimed the ultimate manifestation of American technological progress.”7

And so it was. Industrialization, that most profound change in the history of man, was fast gaining momentum among Americans, a people intoxicated with the prospects for material progress and personal gain that it offered them. Power held the key to the steady march of industrialization—more power from more and bigger machines to perform ever more tasks with ever greater efficiency. The steam engine was the revolutionary source of that power, and the Corliss engine displayed in striking fashion how far its development had come in a remarkably short time.

Twice a day, at nine in the morning when the grounds first opened, and at two (later one) in the afternoon, crowds rushed into Machinery Hall to watch the Corliss start up and jolt the rest of the hall into a loud cacophony of activity. It fell silent at noon each day to allow time for whatever repairs or adjustments were needed to the other machinery in the hall. Machinery Hall also displayed thirty-five or forty stationary steam engines of all types and sizes. Near the Corliss stood an enormous blast furnace with a blowing engine second in size only to the giant that fed it. Beyond it an endless row of sewing machines assailed the eyes, none of them Singers because that company had its own building at the Exhibition. Still other brands were displayed in foreign exhibits.8

Beyond the sewing machines lay type-casting machines, telegraph apparatus, fire engines, locomotives, printing presses, belting and bandsaw machines, hoisting and weighing machines, dredging machines, pile drivers, a huge sugarcane mill, a cotton press, the Blake rock crusher, railroad car wheels, giant steam hammers, railway signals and switches, diamond drills, and stone saws. There were machines that cut shingles, made bricks, turned wood, made horseshoes, gummed and folded envelopes, shaped gun barrels, printed wallpaper, made paper, made needles, wound silk, made glue, curled hair, made pins, clarified sugar, made hats, and manufactured metals. Carriages, agricultural machines, files, rasps, wire and cable, screws, car wheels, hardware, and cutlery occupied other space along with other models of steam engines and a demonstration of glass-making. George Westinghouse, who had already made a name for himself in the field of railroad invention, filled six hundred feet of space with an demonstration of his pioneering air brake for railroad cars.

The sheer number of exhibits, coupled with the noise, overwhelmed Ned and his father, yet they could not resist pausing to inspect some of them. They gravitated to a long row of printing presses, at the end of which stood a dilapidated piece of goods that might have easily been overlooked except for the brass plate that identified it as a press at which Benjamin Franklin once toiled. Newer and larger versions put it to shame, especially the mighty Walter press that fed a giant roll of paper weighing nearly a thousand pounds through a series of cylinders and rollers to produce as many as seventeen thousand copies of a newspaper every hour. Invented by the proprietor of the London Times, it was pronounced by a New York Times reporter “the most perfect printing press known to man.” An elderly lady from a rural village watched the Walter performing its magic and said wistfully, “La if my Tom could only see that machine printin’ thousands of them papers in a few minutes, and he havin’ to set up all night to print a few hundred.”9

Just outside the southern arm of Machinery Hall stood its cluster of satellite annexes housing boilers, pumps, sawmills, and gas machines, among others. The Campbell Printing Press and Manufacturing Company had its own three-story building exhibiting a complete newspaper office and job printing operation. The Shoe and Leather Building displayed those wares, but Ned followed his father to the Hydraulic Annex, where another spectacle awaited them. Inside the building they found an enormous tub that held half a million gallons of water. Above it loomed another large tank feeding a cataract over which more than thirty thousand gallons of water crashed downward every minute.10

They stood watching for a time, mesmerized by the steady flow of water that drowned out all surrounding noise. The whole spectacle overwhelmed them: acres of machines performing an incredible variety of tasks that only a few years earlier had to be done laboriously by hand or not at all, and all of it made possible by the latest, most gigantic version of the first source of mechanical power in human history, the steam engine. Eagerly they turned to the guide and picked out the major buildings to visit besides Main and Machinery: Horticultural Hall, Memorial Hall (also called the Art Gallery), the Agricultural Building, and the Government Building. Then there were the separate buildings for different countries and those for many states and still others for individual companies. Ned’s face scrunched into a frown.

“There’s so much to see!” he cried.

“We have six days to look at it all,” his father reminded him gently. “We don’t have to do it all the first day.”

THE CENTENNIAL EXHIBITION was conceived as a showcase not only for American pride but for American power as well. Like the Centennial itself, it boasted of the future even as it honored the past. By its hundredth birthday the United States had nearly tripled its original thirteen colonies to thirty-eight states, once Colorado joined the ranks that very year. The new nation’s population of nearly four million in 1790 had mushroomed to more than forty-six million. The nation craved a birthday party for many reasons, not all of them pleasant. “The sentiment of the year . . . ,” intoned the New York Tribune, “is twofold. It is at once jubilant and solemn, congratulatory and sternly introspective.” The United States had already begun to emerge in fact, if not yet in recognition, as the largest, most powerful industrial economy in the world. Once an orphan among nations, it had become a force destined to tower above those countries that had earlier sneered at things American.11

Of the nation’s many accomplishments Americans brayed loudly and often, but in this centennial year they also had much to hang their heads over. The economy was well into its third year of what became its longest and deepest depression—an unexpected by-product of the rapidly evolving industrial landscape. The drawn-out process of reconstructing the southern states dragged wearily on, its loftiest goals long since buried in the mire of mounting cynicism, partisanship, racism, and indifference. Political scandals afflicted government at every level. At a time when the nation lacked a single living ex-president, the incumbent of the White House entered the final year of his second term with his administration disgraced by corruption in numerous offices. State and city officials also faced a withering volley of corruption and mismanagement accusations. In New York City the notorious William “Boss” Tweed had already been hauled into court and found guilty of pilfering millions. 

The nation needed and craved a major birthday celebration, but what if it gave a party and nobody came? The idea of an international exhibition was still relatively new; the first one had taken place only a quarter century earlier. The great London Exposition of 1851, which featured the magnificent Crystal Palace, ushered in a new, more ecumenical age of national showmanship. Prior to that event nations had organized expositions but guarded their manufacturing secrets like national treasures, and displays by or even visitors from other nations were rigidly prohibited. But the 1851 Exposition took a new form: “The nations of the earth were to be pitted against each other for the first time. The various countries were husbanding their strength for this great contest. They felt that if the London exhibition were successful, the great exhibitions of the future must be international in character.” Despite the usual chorus of nay-sayers, the London show proved a smashing success and even turned a profit. Of the 13,937 exhibitors, nearly half came from outside Great Britain and her colonies. There followed a succession of expositions—Paris 1855, London 1862, Paris 1867, and Vienna 1873—that varied in style and were generally considered successful.12

The European fairs were usually subsidized by governments, but this approach did not appeal to Americans, who participated in the early expositions on a modest scale and without any government support. New York staged a modest international exposition in 1853 without funding or even official sanction from Congress; it flopped and cost the investors about $300,000. The proposal for a centennial exposition came not from Washington but from the mayor and city council of Philadelphia. The federal government offered the project its blessing but not a penny of monetary support. Philadelphia offered Fairmount Park as the site, and the organizing committee set out to raise $10 million through stock subscriptions from the individual states, but that source yielded less than $2.4 million. The city of Philadelphia chipped in $2.5 million, and gifts, concessions, and interest fetched another $330,000. Later Congress grudgingly authorized $1.5 million for the big show, but only as a loan.13

Despite the financial shortfall and the usual difficulties caused when doing something by committee, the men in charge—led by Joseph R. Hawley as president—provided capable leadership and performed the seemingly impossible task of organizing and running a large operation free of corruption or scandal. Cynics joked that the Centennial Exhibition was the cleanest operation in Philadelphia. Many visitors also found it to be the most friendly as well. William Dean Howells was moved to report that “there never was on this continent such civility and patience as that of the guards and policemen and officials of the Centennial.”14

The exhibition ultimately had 249 buildings of all sizes, and the five major structures were open for business from the beginning: Main, Machinery, Agricultural, Horticultural, and Memorial Hall. The latter building ultimately housed the largest display of art the nation had ever seen—so large, in fact, that an annex had to be constructed for the overflow. The main building contained work from twenty nations, an astounding 3,256 paintings and drawings along with 627 pieces of sculpture and 431 of applied art; the annex featured no fewer than thirty-six galleries. Nearby stood a separate building offering the first national exhibit of an increasingly popular technology: the Photography Building, displaying 2,833 groups of photographs. For sheer beauty, however, nothing rivaled Horticultural Hall. The largest conservatory in the world, designed in the Moorish style of the twelfth century, it was “so graceful that it seemed to float above a reflecting pool and surrounding flower beds.”15

Opening Day saw an immense crowd pile up at the gates long before the nine o’clock opening. When the gates finally parted, a sea of people rushed to fill the space set aside for the gala inaugural ceremonies. All the buildings remained closed until President Ulysses S. Grant declared the Centennial Exhibition officially open. Cash admissions totaled 76,172, but no reliable figures existed for the number of complimentary passes or exhibitors; press estimates of attendance that day ranged as high as 250,000.16

A glowering sky that had drenched the city in rain the day before began to break up around seven in the morning. A brisk southwest wind chased the clouds away and dried most of the flags, bunting, and other patriotic decorations that adorned nearly every public space in the city. By ten o’clock the umbrellas brought to fend off rain turned to deflecting sunlight that transformed the dismal atmosphere into a brilliant spring day. As the fair opened, the onrushing crowd swarmed through the thin line of police and occupied every inch of ground, climbed upon the statues of Pegasus and the Muses in front of Memorial Hall, and even found their way to the roofs of nearby buildings.

The crush included an army of reporters who made the exhibition the most covered event in American history. The dignitaries, who filled a platform between Main and Memorial halls, included Supreme Court justices, senators, and governors; military leaders such as General William T. Sherman; Frederick Douglass; and Dom Pedro II, emperor of Brazil, the first reigning monarch ever to visit American soil. He bowed to acknowledge the lusty cheers of the crowd. A 150-piece orchestra played as President Grant and his entourage arrived, accompanied by a grand parade of military units.

After a lengthy performance by the orchestra, including a “Centennial March” written especially for the occasion by Richard Wagner and the hymn by Whittier, Grant delivered a brief speech. Few in the crowd heard anything of what he said, but they cheered loudly after his final words: “I declare the International Exhibition now open.” Grant and a gaggle of other dignitaries then made a ceremonial sweep through the exhibition halls, finally to arrive in the transept of Machinery Hall, where a nervous George H. Corliss stood waiting in front of the engine he had built.

At fifty-nine Corliss had reached the pinnacle of an already successful career in a field for which he lacked any formal training. The son of a New York physician, he revealed a flair for engineering. In 1844, at the age of twenty-seven, he went to work for a steam-engine builder in Providence, Rhode Island. Within three years he became head of the firm and launched a distinguished career as not only a builder of engines but an innovator as well. In March 1849 he patented a valve gear that proved to be a major improvement over the slide valves used on most engines. The “automatic drop-cutoff ” controlled the amount of steam entering the cylinder far more efficiently than any existing type. The Corliss valve gear gradually became the standard among not only American but also British engine manufacturers. Corliss patented numerous other improvements and established himself as the premier American builder of steam engines. It was a tribute to him that several of the other engines on display at the exhibition were acknowledged copies of his design.17

The Corliss firm in Providence was renowned for the quality and efficiency of its engines. Corliss became a member of the Rhode Island Centennial Commission and early in the planning process offered boldly to design, build, and install a giant engine for all the machines in Machinery Hall. The officials demurred, saying it would suggest impartiality if they did not entertain other offers. Besides, they added, what would happen if such an engine suddenly stopped and brought down the rest of the machinery with it? However, when no other engine builders stepped forward with offers to drive so great an array of machines, the officials went hat in hand to Corliss to ask whether his offer still held. In only ten months the obliging Corliss designed, built, and installed the largest steam engine ever devised. It was a monumental achievement for a machine intended to be not only a source of power but a centerpiece in itself.18

Now the moment of truth had come. The president and the emperor separated from the rest of their party and stepped onto the raised platform with Corliss. He walked them to the twin levers and explained what they were to do. Dom Pedro took hold of his lever and gave it a turn, after which Grant did the same with his lever. “In a second the steam began to ooze and hiss,” noted the Herald reporter. “Then came the movement of the awful thing itself, an automatic and regular climbing up and down of many tons of iron and steel to accomplish a mechanical purpose.” Grant and Dom Pedro watched as the huge machine lumbered into action and sent its power through the network of shafts and belts to waiting machines.19

The president may have pronounced the exhibition open in his speech, but not until the Corliss brought the hall’s machinery to loud and clattering life did it truly begin. The exhibition ran for 159 days, a shorter term than earlier fairs because the officers made the controversial and ultimately short-sighted decision to close the grounds on Sundays to honor the Sabbath. Despite this shortened week, the exhibition drew nearly 9.8 million visitors compared to 8.8 million for the Paris Exhibition of 1867, which ran for 217 days and held the previous attendance record.20

Through the sweltering summer and deep into the fall, the great show remained open. For a time several newspapers kept reporters on the scene and published almost daily accounts of the exhibits. Gradually, however, other events pushed the Centennial Exhibition off their pages. During June both political parties held their conventions and came up with Republican Rutherford B. Hayes and Democrat Samuel J. Tilden as their candidates. Late that same month George Custer led his 7th Cavalry troops into a bloody massacre by the Sioux. After the first reports trickled in early in July, the stunning news occupied the papers for weeks. The final months of the exhibition overlapped the election campaign, which culminated on November 7 in the most confused outcome yet seen. Tilden emerged with a majority of the popular vote but fell one electoral vote short. The returns from three southern states were disputed, and if the Republicans could capture all of them they would win the White House. As the Centennial Exhibition formally closed on November 10, the nation was stumbling into a bitter and dangerous political impasse.

None of this slowed the flood of visitors pouring through the Centennial gates. Those who came to Philadelphia witnessed a spectacle beyond anything ever seen on the Continent. Most of the visitors received their first and often only introduction to foreign cultures or even different regions of their own country. “ ‘Land sakes!’ ” cried the heroine in Sarah Orne Jewett’s story “The Flight of Betsey Lane,” as she watched a Turk stroll by in his red fez. “ ‘I call the Centennial somethin’ like the day o’ judgment!’ ”21

Besides the foreigners attached to each exhibit and the exotic foods served up by the different restaurants, visitors saw a variety of objects and events too vast to be assimilated whole. In Main Hall people could inspect everything from soda fountains to coffins and gravestones. “Every dozen yards or so,” complained a New York Times reporter, “the visitor stumbles upon a mass of many-colored marble, labeled ‘Soda water: all kinds of flavors.’ ” However, the ubiquitous soda fountain was, as another reporter reminded readers, a “national institution—and is all our own . . . altogether and indisputably ours.” Similarly, the impressive display of American-made coffins moved a New York Sun reporter to observe wryly that “crops may fall, stocks may rise and fall, big bonanzas may overstock the market with silver . . . but the demand for coffins will always continue steady, with the possible chance of a brisk business growing out of war or pestilence.”22

An impressive number of exhibits not only displayed their wares but showed them in action. Hordes of visitors flocked to the western end of Machinery Hall to view a complete demonstration of glass-making put on by a Philadelphia firm. With jaws agape they watched the glass move from a huge melting furnace through the entire process to a finished object. The newest wonders of the age beckoned to visitors at every turn. Thomas Edison contributed automatic and multiplex telegraphs as well as a curious “Electric Pen and Duplicating Press.” Earlier that spring the ambitious young inventor had boldly set up shop at Menlo Park in New Jersey. On June 25 Alexander Graham Bell arrived in Philadelphia to demonstrate three of his telephonic devices to impressed judges, who pronounced them “perhaps the greatest marvel hitherto achieved by the electric telegraph.” However, Bell’s instruments remained on display for only two weeks, and it is doubtful whether the relatively few visitors who saw them appreciated their implications. Another exhibit featured the American Typographic machine, an early version of the typewriter, and still another a primitive version of an internal combustion engine designed by George Brayton of New Hampshire. The American Watch Company displayed 2,200 of its wares with their movements exposed, representing six days’ output from the factory. The Patent Office itself put on display no fewer than five thousand patent models.23

And the steam engines! “Never before was so splendid a collection of steam-engines gathered together as is to be seen in Machinery Hall,” marveled the New York Times reporter who signed himself A. P. The list began with the Corliss, of course, but it embraced many more—so many, he said, that it would require a special edition of the Times to describe them all. Some were on display in the hall; others, like the 65-horsepower engine in the Saw Mill Annex, provided power in other buildings. The variety of engines seemed infinite; the People’s Works of Philadelphia alone had on exhibit thirty different models, and several manufacturers showed marine engines as well as pumping, traction, agricultural, motive, and stationary types.24

As befitted a Centennial celebration, the great show offered a few glimpses of America’s past. New England contributed a log cabin built and furnished as it would have been a century earlier. At Agricultural Hall visitors could see “Old Abe,” the aging bald eagle that had gone into battle with the 8th Wisconsin during the Civil War. Named in honor of the president, he had twice been wounded during fights but came home with the regiment and promptly became a celebrity in the state. At Philadelphia he perched majestically on a national escutcheon supported by a pole and delighted crowds with his fierce stare. The Art Gallery offered viewers a painting of the battle of Gettysburg that filled an entire wall.25

However, progress, not nostalgia, drove this celebration, and nothing blared progress to the nation or the world more loudly and insistently than the endless array of machines capable of performing thousands of tasks that people once found onerous or even impossible. A reporter, thinking back on the machines on display in London a quarter of a century earlier, dismissed them as “curious relics of a bygone age.” The improvement in labor-saving machinery had been phenomenal, and most of it had come from the United States. “A very casual glance around Machinery Hall,” concluded the reporter, “is quite enough to assure one of the overwhelming pre-eminence, with some few notable exceptions, of the American display over those of foreign nations.” Belgium exhibited a steam engine bearing the royal shield, but it also bore the name of Corliss.26

The Centennial Exhibition was a show not only of rising American power but of power itself, and the power behind nearly all its displays turned out to be the greatest wonder of all. That basic power was steam, the true miracle of the age. The steam engine itself was only about as old as the United States, but like the nation it had come a long way in the past century. Steam provided the power that kept the vast acres of machinery humming and churning out a seemingly endless variety of products and materials. Americans did not invent the steam engine, but once they grasped its possibilities they embraced it eagerly and put it to more uses than anyone else. It was a very American form of power—big, bold, bumptious, loud, and utterly lacking in subtlety, at least on the surface.

What could be more American than this gargantuan show of raw power and purpose spiced with a little fun and spectacle? Patriotism infused every corner of the exposition. Howells felt it at once on his visit. “No one can now see the fair without a thrill of patriotic pride,” he noted. Especially was this true in Machinery Hall, where “one thinks only of the glorious triumphs of skill and invention; and wherever else the national bird is mute in one’s breast, here he cannot fail to utter his pride and content . . . it is still in these things of iron and steel that the national genius most freely speaks.” But this glow of national pride was steeped not in nostalgia so much as in promise. Those who shook their head and wondered what “they” would think of next were fast coming to accept the premise that, whatever it was, “they” always would think of something next, that the future would bring a steady stream of more and better things.27

Hardly anyone, however, realized or even suspected how steady a stream it would be or what a raging torrent it would become. The acres of technology on display in Philadelphia represented nothing less than the genie of material change let loose from his bottle and free to work his magic. In this sense Philadelphia was both a salute and a valediction to America’s past. Events and inventions after 1880 would accelerate the pace of change that already seemed a little too fast for some people, and hasten the world of 1876 into oblivion. In less than a generation most of the wonders that enthralled visitors to the Centennial Exhibition, an entire army of “latest things,” would become curiosities better suited to a museum than to a celebration of technological wonders. Once freed, the genie could not be put back in his bottle, which for some people came to seem more like Pandora’s box.

BY THE TIME they climbed wearily aboard the train bound for home, Ned and his father had explored nearly every corner of the exhibition. The memories swirled through Ned’s mind during the long train ride home. There was so much to remember and to sort out, and some of it was so fabulous as to seem unreal. Of all the wonders he had seen, however, the monster Corliss engine stuck most firmly in his mind. He felt so tiny standing before it, yet it seemed not the least threatening. He marveled at the unseen force it sent through the building, a silent perpetrator of the chaos of clanging that resounded throughout Machinery Hall, and he wondered whether he would ever see the likes of it again.



CHAPTER 1 

THE MACHINE THAT CHANGED THE WORLD

England is the birth-place of the steam engine. Its invention has been a grand triumph over the material which nature has placed at our disposal. There is no limit to its sphere of usefulness, nor can anyone measure the benefits which directly and indirectly accrue to society from its employment.

—MICHAEL REYNOLDS (1880)1

ON A BEAUTIFUL SUNDAY AFTERNOON in May 1765 James Watt decided to escape the pressure of his work by taking a stroll across the Glasgow Green. Even as he walked along, basking in the warm sun, his mind persisted in mulling over the problem that had tormented him for months. He was intent on creating a new machine, or rather a much improved version of a machine that had already been around for half a century with little having been done to make it better. Little did he suspect that on this magnificent afternoon he would finally capture the idea that later made his name the most renowned in the history of the steam engine.

Born in 1736 in the small Scottish seaport town of Greenrock, the son of a mathematician who taught navigation, Watt was a sickly boy who loved to build models in his father’s workshop. After his mother’s death in 1753 James was sent to live with her relatives in Glasgow. Two years later, with his father’s blessing, he went to London to learn the trade of making mathematical instruments while ducking the press-gangs that roamed the city’s streets. Plagued by headaches and bouts of depression that remained his companions for years, he learned enough to return to Glasgow in 1757 and set up his own shop for making instruments. He gained permission to locate his shop within Glasgow College but found it hard going to secure enough business. Two years later, he formed a partnership with a man named John Craig, who provided enough capital to put the business on a solid footing and enabled Watt to move the shop into the city.2

As the shop prospered, Watt settled into the comfortable routine of a modestly successful businessman who oversaw several workmen and apprentices. He acquired an interest in a pottery company and in 1764 married his cousin Margaret Miller. By then, however, a seemingly trivial incident had already begun to turn his voracious mind in another direction. A friend at Glasgow College, Professor John Anderson, brought Watt a model of the Newcomen steam engine and asked him to repair it for his natural philosophy class. A well-known London instrument maker had already tried and failed to fix it. Watt had dabbled briefly in steam a few years earlier, and he had discussed with another friend the feasibility of using steam to power a wheeled carriage, but this request was his first close encounter with a steam engine.3

It took Watt little time to grasp the operation of the engine, and he not only repaired it but decided to improve its design. He already knew the basic principle that when steam hit a cold object it transferred heat and was condensed in the process. The Newcomen engine first heated the water in the cylinder, then sprayed it with cold water to condense the steam. This process perpetuated a cycle of constantly heating and cooling the cylinder—the most glaring weakness of the engine. Forty years earlier Gabriel Fahrenheit had established with his mercury thermometer that water boiled at 212 degrees. To avoid the loss of steam by condensation, the water in the cylinder should stay boiling hot; however, to create the vacuum needed to lift the beam, the cylinder water had to be cooled to atmospheric temperature, or somewhere around sixty degrees. The problem that intrigued Watt was how to reconcile these opposing demands. If it could be done, the savings in fuel and increased efficiency would be enormous.

He began by conducting experiments to determine at what temperatures water would boil under different pressures, and how much steam at atmospheric pressure was produced from a given volume of water. He calculated that a given amount of water produced 1,800 times its volume in steam, a figure impressively close to the actual one of 1,642. Then he made a new boiler for the model that showed how much steam was used at every stroke and found it to be several times the volume of the cylinder. Another experiment revealed that water, when converted into steam, could heat about six times its own weight of water from room temperature to the boiling point. This finding puzzled him until another good friend, Professor Joseph Black, clarified it.

Black had already staked his own claim to recognition as a chemist. Only thirty-six years old in 1764, he had done pioneering studies in calcium carbonate and carbon dioxide before his interest was drawn to heat, a property that still mystified scientists who still regarded it as an imponderable fluid like light or electricity. From his experiments Black developed the latent theory of heat, which posited that the quantity of heat was different from its intensity. Only the latter was measured by temperature. When he melted ice, for example, its volume shrank but its temperature remained the same. The ice absorbed some amount of what Black called “latent heat,” which meant it contained more heat even though its temperature remained unchanged. He also showed that an even greater quantity of latent heat resulted from boiling water into steam. The heat taken up by water in boiling helped explain why steam at boiling-point temperature had far greater energy than the same amount of liquid water at room temperature.4

After talking with Black, Watt realized, as he later wrote, that he had “thus stumbled upon one of the material facts by which this beautiful theory [i.e., of latent heat] is supported.” He persevered in his quest to unlock the riddle of how to eliminate the cycle of heating and cooling the cylinder. The idea came to him in a flash during that Sunday afternoon stroll. What if he condensed the steam in a separate apparatus—what he logically called a condenser—thereby enabling the water in the cylinder itself to retain its heat? Watt put it this way: “As steam was an elastic body it would rush into a vacuum, and if a communication was made between the cylinder and an exhausted vessel, it would rush into it, and might be there condensed without cooling the cylinder.” It was a brilliant concept, but as with most flashes of insight it took considerable time to work out the details. In this case ten years passed before the idea produced practical results.5

IT BEGINS IN the simplest of ways. Someone has a task to do and must figure out how to do it. He looks around for whatever tools are available. If none is adequate or applicable, he seeks some better way than manual labor to perform the task. For all of human existence, the basic sources of energy for doing work have been human or animal muscle, wind, and water. People devised tools such as the lever, the wheel, the pulley, and many others to make tasks easier, but always the scale or scope of what they could do was limited by the amount of energy they could apply to the task. Wind and water could provide greater sources of energy, but the first could not be controlled and the second only partially. One could go with the current but not against it, and the water did not always go where one needed it to go. Fire proved to be an invaluable tool but a limited one until its properties were better understood.

All the achievements of humanity down to about the eighteenth century were constrained by the inability to find more efficient ways to do things beyond the capacity of muscle and tools that, however ingenious, still required muscle to operate them. The marvel of early civilizations is that they accomplished as much as they did within this severe limitation. If it could be overcome, if some new source of power could be created, humanity would find itself in an entirely new world of possibilities. Just as the geological history of the planet separates into different ages, so does the advent of new sources of power divide human history into separate spheres of existence.

Human existence had always been an unrelenting struggle against nature, pitting limited sources of energy against a seemingly endless series of tasks. In early America most people lived on farms that had taken them years to wrench from the wilderness. The farmer had first to clear his land of dense forest by girdling trees, chopping them, pulling up their stumps, and then cutting up the wood for use in building a home and outbuildings as well as for fuel. Rocks and boulders had to be pried up and hauled away to make a fence or simply dumped. For a house he threw up a square building of logs notched at the ends to hold it together and plastered the crevices with clay or mud to keep out the cold. Some of the stones were piled to make a chimney, its smoke wafting up through a hole left in the roof. Another hole might be cut into one side of the house for a window with a wooden shutter to cover it when needed. Most if not all of the home’s crude wooden furnishings had to be knocked together by hand.6

Once a field was cleared, the new farmer could begin his real work. For tools he had a hoe, a plow, and a scythe—staples that would remain in use until the mid-1800s. With a horse or ox as his helper, the farmer spent an exhausting day pushing against the soil to plow maybe an acre. Then he spent the season planting his crop, cultivating it, and finally harvesting it and preparing it for storage. Afterward some crops had to be ground or milled, often by pounding the grain with a mallet. If a water-powered gristmill was available, the grain had to be hauled to it over nonexistent roads. “I had 14 miles to go in winter to mill with an ox team . . . ,” recalled one weary farmer. “No roads were broken and no bridges built across streams. I had to wade two streams and carry the bags on my back . . . I got only 7 miles the first night, and on the 2nd night I reached the mill.” Then came the return trip with the milled grain.

For his pains the farmer got simple meals of meat and cornbread washed down with homemade cider or milk if the family had a cow. All of it had to be prepared in tedious rituals: the animals slaughtered, butchered, and salted; the apples picked, dumped into a press, and squeezed. Water had to be hauled in a bucket from a stream or well. The family wore the simplest of garments made from wool or flax. The women of the house toiled for hours spinning, weaving, and cutting clothes for their family, using thread made by twisting short fibers together. Through the long winter months the numbing process of spinning and weaving went on seemingly without end.

Life in the one-room house revolved around the fireplace, which provided heat for warmth and cooking. It was also the only source of light after dark unless the family made or bought candles. In the modern world people are assaulted constantly by noise and light; the hardscrabble farm was a place of silence and darkness once the sun went down. Feeding the fireplace became one of the most laborious chores of all. A farmer had to cut down an acre of trees to supply enough fuel for a year, and every year the trees were farther away from him. The wood had to be chopped and split to fit the fireplace, hauled to the house, and stacked. Kindling had to be gathered and stored. By one estimate a farmer spent a third of his time during the year doing the chores that provided fuel for the house—and over time the supply around him dwindled rapidly. Here, as elsewhere, civilization always came at the expense of nature.

Everyday life cried for fresh sources of power. Its myriad of problems might be solved in two ways: new types of fuel besides wood and new ways to apply the energy created by burning fuel of any kind. Coal became the most important new type of fuel. Its use in England traced back to the Middle Ages, but it was always difficult to get at. Early methods relied on shallow pits that were abandoned as soon as drainage became a problem, and protests over the pollution caused by the burning of coal arose as brewers and smiths began to use it in quantity. The growth of the iron trade in the early eighteenth century spurred interest in coal, which had been used for smelting iron a century earlier.7

Quite unexpectedly the quest for coal triggered another breakthrough that ushered in a new era of human history. As increased demand required miners to dig deeper, more water began to seep into their mines. How to rid the mines of water so that the digging could go forward? Tin mines in Cornwall and Devon faced the same problem. Men carried the water out in wooden bowls or turned a windlass or experimented with hand pumps. Some mines tried waterwheels, but a single wheel could not reach deep enough to be useful. Elaborate schemes were devised to haul the water to the surface with multiple buckets attached to ropes pulled by teams of horses or mules, but these arrangements proved clumsy and ineffective. And the deeper the mine, the greater the distance the water had to be lifted. Although the use of coal went back at least to the ancient Greeks and possibly to the Chinese more than three thousand years ago, no one found a way to clear a mine of water until the end of the seventeenth century.8

Ironically, the water that posed the problem held the key to its solution. Many people knew that water, when heated, turned into steam, but no one understood what steam was. They knew only that if you heated water in a container, it created a pressure that must be released. If that force could somehow be harnessed during the release, it might be put to work in some way. Since ancient times active minds had toyed with the potential of steam, but these early efforts soon vanished into the mists of history.9

With few exceptions, the subject was not revisited until the sixteenth century, when it attracted some attention from two directions: those who developed an intellectual curiosity about the properties of steam and those who puzzled over the practical problem of how to clear mines of water. Thus arose the two broad camps of practitioners that together—though not always in tandem—were to create the greatest revolution in human history. One attacked the science of the matter, seeking to discover the principles governing the phenomena that interested them. The other dealt solely with solving the practical problems that confronted them in some activity. One concentrated on theory, the other on practicum, and the interplay between them ultimately led to the astounding developments that appeared in the nineteenth century.

During the seventeenth century several attempts were made to harness the power of steam. Most of them pursued two lines of experiment. One tried to use steam to force water up a pipe; the other used steam to push against a piston. The marquis of Worcester created the earliest version of what he called a “water-commanding engine.” His device amazed a visiting historian from the court of the French king, who saw it “raise to the height of 40 feet by the strength of one man and in the space of one minute of time, four large buckets of water, and that by a pipe or tube of 8 inches.” But the witness is silent on the question of whether the marquis used steam to perform this feat. The luckless marquis died impoverished and largely forgotten except by historians seeking the roots of the steam engine.10

The quest for a workable power for pumping hardly died with the marquis. Fifteen percent of the 127 patents granted for inventions in England between 1617 and 1642 involved devices for raising water, although only a handful conceived of fire as the means for doing so. Interest in science rose sharply in England after the restoration of Charles II in 1660 and the establishment of the Royal Society three years later. During the 1680s Sir Samuel Morland challenged the prevailing notion, which traced back to Aristotle, that the world was composed of only four elements: earth, air, fire, and water. Morland’s experiments led him to infer that the air created by boiling water was somehow different from ordinary air. For one thing, it occupied a much greater space. As he put it, “The vapours from water evaporated by the force of fire demand incontinently a much larger space (about two thousand times) than the water occupied previously.”11

In 1643 the redoubtable Galileo Galilei and Evangelista Torricelli had demonstrated that water could be drawn up a pump with a piston no more than twenty-eight feet because at that point the pressure of the atmosphere failed to sustain the column of water. They also observed that if the piston was lifted any higher, a vacuum formed beneath it. Several people promptly began to explore the nature of this vacuum. Drawing on some well-known experiments by German scientist Otto von Guericke, Robert Boyle in 1658 fashioned an air pump for creating vacuums that remains the prototype for those still in use. Using this pump, Boyle came up with the law of the pressure of gas that bears his name. Denis Papin, a French Huguenot who had sought refuge in England in 1675, created a device that used steam pressure to force a piston up a cylinder to a catch located at the top. When the cylinder cooled, a vacuum formed inside it. As the catch was released, the atmospheric pressure forced the piston down the cylinder and raised a surprising amount of weight in the process.12

Interesting as these and other experiments were, they had yet to result in an engine capable of doing practical work. Thomas Savery attempted that first giant step in 1698 when he received a patent for the “Raising of Water . . . by the Impellent Force of Fire, which will be of great use and Advantage for Draining Mines, Serving Towns with Water, and for the Working of all Sorts of Mills where they have not the Benefit of Water nor constant Winds.” He then set up shop to offer his engines to “all Proprietors of Mines and Collieries which are encumbered with Water.” In a promotional piece entitled The Miner’s Friend Savery claimed that “consideration of the difficulties the miners and colliers labour under by the frequent disorders, cumbersomeness, and in general of water-engines, encouraged me to invent engines to work by this new force.” Although Savery made improvements to his engine, he never achieved commercial success. It had several fatal limitations, one being the inability to raise water more than about fifty feet. For mines of any depth, this would require an engine every fifty feet. It was also inefficient and costly to operate.13

Where Savery failed, Thomas Newcomen succeeded. An ironmonger by trade, he built in 1712 what came to be regarded as the first successful steam engine near Dudley Castle in Staffordshire. Unfortunately, Newcomen remains in the shadows of history. Little is known about his life other than his birth at Dartmouth, Devon, in 1663, his trade, and his death of a fever in 1729 at a friend’s house; no pictures and hardly any documents by him survive. Accounts differ on whether Newcomen knew Savery or ever saw his engine, but he had sold tools and ironworks to the mines at Cornwall and Devon, where the miners struggled vainly to haul water out of the deeper shafts. No one knows why he decided to undertake the task of creating a better pumping engine or how much scientific knowledge he possessed. There is no evidence that a mine owner or anyone else underwrote the cost of his work, but sometime around 1700 Newcomen began grappling with the problem of building a better steam engine for the explicit purpose of pumping water from the mines. What is clear is that he produced the first atmospheric steam engine capable of doing useful work.14

At first glance Newcomen’s engine seemed little more than a combination of familiar parts, such as a cylinder, piston, pump bucket, pump handle, and boiler. But Newcomen arranged them in a new alignment and added crucial touches of his own, including a tank atop the engine house to inject cold water directly into the cylinder and a valve gear that controlled the injection. It worked this way. A boiler fed hot water to the cylinder that was attached to a beam constructed so that it was heavier on the opposite, or pumping, end. Gravity pulled the beam down to the water to be hauled away. To raise the load of water, the cylinder was filled with steam and then injected with cold water to condense the steam. This process created a vacuum that pulled the steam piston down and raised the main pump piston. At the bottom of the steam piston stroke, a valve opened to return the cylinder to atmospheric pressure. This step sent the beam back down by gravity, and the process was then repeated.15

Newcomen’s engine pumped water successfully, and its action was self-repeating, although it needed careful adjustment. It proved successful and spread beyond England to the Continent. However, Newcomen profited little from his great invention. To his dismay, the patent on the Savery engine had in 1699 been extended an extra twenty-one years beyond the normal fourteen, and its broad terms covered Newcomen’s device as well. This unhappy fact forced Newcomen to build his engines under various partnerships with the holders of the patent. Despite this handicap, he continued to build and improve his pioneering engine. By the time of his death in 1729, he had constructed more than a hundred engines in England, to say nothing of those at work abroad.16

It was Newcomen’s fate to be a prophet without honor, at least in his lifetime. Like every inventor, he had to work within the confines of the materials and technology available to him. Savery’s attempt to utilize steam at high pressure, for example, required stronger boilers and tighter seams than could be devised. Newcomen avoided this issue by keeping the steam at lower pressures, but he encountered other problems, such as the inability to bore cylinders accurately. Like artists working within the limitations of a given medium, inventors pitted their knowledge of science and/or their ingenuity against the limits of technological possibility. Here too the steam engine would effect nothing less than a revolution by expediting the development of machine tools that would transform not only what could be made but also how things were made and how many of them could be made. Newcomen’s contribution to that process proved invaluable. His steam engine, while limited in many respects, remained the prototype of the only effective pumping engine for sixty years.17

While numerous inventors struggled to improve the steam engine, advances in textile technology were creating new demands for more and better forms of power. In 1700 the English textile industry had only three machines that required power. As the cotton industry expanded, however, inventors fueled its growth with new machines capable of increasing production. Some of these required only hand operation, but the water frame, patented by Richard Arkwright in 1769, specifically called for water power. Six years later Arkwright devised machines for carding, drawing, and roving cotton, which mechanized the preparation of cotton for his water frame. These inventions set the stage for an explosive growth of the cotton textile industry and its transformation from domestic to factory production. To get power, most mill owners simply located their factories near a river and used waterwheels. A few, however, investigated the possibility of using steam engines as a power source.18

Textile mills posed special problems for builders of steam engines. The engine had to be utterly reliable and run with absolute regularity to ensure a constant speed against a varying load every hour of every working day, week after week. Although some mill owners adopted versions of the Newcomen and even the Savery engines to their needs, a strong demand existed for an improved type of engine. A factory engine working long hours had to be not only reliable and durable but cost-effective as well. It had to utilize both steam and the fuel needed to create it as cheaply as possible. And, of course, it had to generate enough power to perform the task at hand.19

The Newcomen and its predecessors were reciprocating engines; that is, they utilized a piston connected to a beam that moved up and down. The piston strokes did not move up and down evenly because the engine did not use steam pressure directly to push the piston upward. This lack of regularity posed no problem for pumping water, but it was a fatal flaw for factory work, where evenness of motion was required. Unlike the Savery, the Newcomen was an atmospheric steam engine, so called because its greatest steam pressure stayed near that of the atmosphere. This meant that the steam cylinder of the Newcomen engine had to be heated and cooled with every stroke, which wasted fuel and also caused thermal stress. John Smeaton made several improvements that doubled the efficiency of the Newcomen engine but could not surmount its inherent limitations. Maximum economy required that the cylinder be kept hot at all times, but to get maximum power, it had to be cooled down once every cycle. How to resolve that dilemma?20

WHILE WATT STRUGGLED to build a model utilizing his insight, the need to earn a livelihood kept interrupting his experiments. He finally obtained a patent for his “method of lessening the consumption of steam and fuel in fire-engines” in 1769. To finance his work, Watt formed a partnership with John Roebuck, an industrialist and chemist who pioneered the manufacture of sulfuric acid for industrial use. After seeing Watt’s engine, Roebuck agreed to shoulder the inventor’s debts of about £1,000, mostly to Joseph Black, and advance funds to obtain a patent and continue experiments in return for a two-thirds interest in the patent. Watt happily accepted this offer because it encouraged him to devote more time to his engine. Shortly afterward Watt met another industrialist, Matthew Boulton, who grasped the potential of the engine at once and asked to take a share in it.21

Watt took the offer to Roebuck, who had also come to believe strongly in the engine’s future. “The nearer it approaches to certainty,” observed Watt of Roebuck’s attitude, “he grows the more tenacious of it.” He put Boulton off with an offer allowing him to build the engine in three counties. Boulton declined this pittance; he had a much grander vision. “To . . . produce the most profit,” he wrote Watt, “my idea was to settle a manufactory near to my own by the side of our canal where I would erect all the conveniences necessary for the completion of engines and from which manufactory we would serve all the world with engines of all sizes.” This proposal must have taken Watt’s breath away; the engine, after all, had not yet been perfected. In response Watt offered to give Boulton an engine needed for grinding work at his Soho plant, but the press of other duties kept him from actually building it. Boulton kept using horses to turn his wheel at Soho, but he also continued to track Watt’s progress.22

It came slowly. Watt could not devote full time to the engine because he still had to earn a living as a civil engineer doing surveys. He also had to cope with poor workmanship, inferior materials, and a lack of craftsmanship. Himself a newcomer to engines, Watt’s only advantage, besides a brilliant mind, was a lack of preconceived notions about what an engine should be. Two years of thought and experiment passed before he decided to utilize the same type of beam engine Newcomen had made, and more time was required to conceive and implement the structural changes he deemed necessary. The condenser was far from the only innovation. To keep the cylinder hot, he used boiler steam directly by eliminating the water from the top of the cylinder and enclosing the top in a cover with a stuffing box through which the piston moved. Since the water he removed had also served as packing for the piston, he devised a substitute form. His condenser utilized a water jet similar to that in the Newcomen engine, but Watt had to adapt an air pump to clear the condenser of air and water.23

In slogging through these problems, Watt had to combat his own bouts of gloom and discouragement as well. “I find I am not the same person I was four years ago when I invented the fire engine and foresaw even before I made a model almost every circumstance that has since occurred,” he wrote dejectedly in April 1769. “I was at that time spurred on by the alluring hope of placing myself above want without being obliged to have much dealing with mankind to whom I have always been a dupe . . . I have now brought the engine near a conclusion, yet I am not nearer that rest I wish for than I was 4 years ago; however, I am resolved to do all I can to carry on this business . . . Of all things in life there is nothing more foolish than inventing.”24

Yet he persisted, as he resolved to do. A new opportunity arose unexpectedly when the British economy turned downward during 1772–73. Roebuck was a man of many interests who tended to take on more obligations than he could sustain. The tightening of credit came after he had invested much of his own and his wife’s fortunes in coal mines at Bo’ness on the Firth of Forth. He had offered Boulton a tenth interest in the mines, but Boulton had declined. In 1773 the overextended Roebuck fell into bankruptcy. One of his creditors was the partnership of Boulton & Fothergill, to whom he owed £1,200. Boulton appointed Watt as his agent for the settlement of accounts. This seemed a curious choice since Watt hated to negotiate anything. “I would rather face a loaded cannon than settle an account or make a bargain,” he admitted. “In short I find myself out of my sphere when I have anything to do with mankind.”25

Despite Watt’s reservations, Boulton came away with all rights to the engine patent because none of the other creditors saw any value in it. His partner, John Fothergill, wanted no part of it either and took only cash for his share of the debt, leaving the patent entirely in Boulton’s hands. Fothergill would later regret that decision. Then, in September 1773, Watt’s wife died, leaving him with two small children. Steeped in gloom and utterly discouraged, Watt threw up his surveying work and Scotland itself, saying, “I am heartsick of this cursed country.” He accepted Boulton’s invitation to come to Birmingham and devote himself to work on the engine. In May 1774 he took his family south to Birmingham and, at thirty-eight, entered into what he hoped would be a fresh start in life.26

Thus began a collaboration that was to succeed beyond either party’s wildest dreams. By temperament and personality they could scarcely have been better matched. The genial, tactful Boulton possessed genuine intellectual curiosity and a broad sense of vision. He liked to surround himself with brilliant minds in all fields. His circle of friends ranged from Erasmus Darwin to Josiah Wedgwood; he had met and maintained a correspondence with Benjamin Franklin, to whom he once sent a Savery engine and asked for suggestions on how to improve it. Boulton also had a shrewd business sense, something the hardworking but often impatient Watt lacked. Plagued by ill health and bouts of depression, driven by the need to scrounge a living for his family, Watt had never had the time or the means to devote his full attention to invention. Boulton gave him that opportunity with results that profited both of them immensely. The terms called for Boulton to receive two thirds of the net profits and rights to the patents while paying all expenses for the work. He oversaw the business, and Watt tended to the design and construction of the engines.27

The ever practical Boulton realized that Watt’s patent had only eight years to run, too little time to bring an engine to commercial success. By strenuous efforts they managed in May 1775 to get the patent extended for another twenty-five years. Nine days later they formed the partnership of Boulton & Watt to last for the same twenty-five years. In May 1776 the first two Watt engines were installed and proved successful. A month later Watt remarried. With a new wife and the congenial work he had long sought, his health began to improve. Eventually he also found a first-rate assistant in the person of William Murdock, a shy young Scot who was to play a major role in several inventions for which Watt received credit.28

News of the Watt engine spread rapidly, and Boulton proved masterful at the art of marketing. “I sell Here,” he once proclaimed to a visitor to his works, “what all the world desires to have . . . POWER!” The pivotal innovation of the condenser improved fuel efficiency by an astounding 75 percent. Shrewdly the partners decided not to license their engines but to charge a royalty amounting to one third of the savings on fuel realized by them. Mine operators willingly paid this sum to acquire an engine that not only performed reliably but saved them money as well. They paid only when savings were realized, and the money came from the savings. Even so, they complained about having to pay a continuing royalty instead of being able to buy the engine outright.29

Watt had dramatically improved the reciprocating engine by adding the condenser and an improved cylinder, but it still could do little more than pump water. The need of the burgeoning textile industry for a reliable engine to drive its machines directly attracted the attention of several inventors, who worked furiously at the task of designing a rotative engine capable of the evenness of operation required for such work. In 1779 Matthew Wasborough (or Wasbrough) received a patent for an engine that included a flywheel intended to “render the motion more regular and uniform.” The concept of a flywheel had been suggested nearly forty years earlier by John Wise, but no one picked up on it until Wasborough included it in his design. Wasborough produced an engine for James Pickard of Birmingham, who found the connecting “rickrack” mechanism unsuitable and replaced it with a crank and connecting rod. Both innovations were reputed to have been stolen from Watt by workmen in his employ.30

The pairing of this crank with a flywheel opened the door to the creation of a workable single-acting rotative atmospheric engine. Numerous inventors built and sold simple versions of the rotative atmospheric engine, taking care to skirt existing patents through minor design changes. By 1789 they had become so numerous that a customer inquiring about a Boulton & Watt engine complained that “we already have a great number of the common old smoaking Engines in & about the Town which I confess are far from being agreeable—& the public yet are not all inclined to believe otherwise than that a Steam Engine of any sort must be highly offensive.” Nevertheless, other builders were designing rotative engines that got around Watt’s condenser patent. Boulton saw both danger and opportunity in their doings, and he understood clearly where the market was. “The people in London, Manchester and Birmingham are steam mill mad,” he wrote Watt in June 1781. “I don’t mean to hurry you but I think . . . we should determine to take out a patent for certain methods of producing rotative motion from . . . the fire-engine.”31

Watt still believed the strongest market lay with pumping engines but conceded that “the devil of rotations is afoot” and was already hard at work on improvements to the simple rotative engine. The result was a series of patents between 1781 and 1784 that, along with the condenser, represent the peak of Watt’s creative genius. The first of these in 1781 contained five devices for doing away with Pickard’s crank. The title of his application explained them as “new methods of applying the vibrating or reciprocating motion of steam or fire engines, to produce a continued rotative or circular motion round an axis or centre, and thereby to give motion to the wheels or mills or other machines.” Only one of these came into general use, but that one, the so-called sun-and-planet or epicyclic gear, enabled Watt to avoid infringing on Pickard’s patent and became well known in its own right. It had other advantages as well, such as allowing the output shaft to rotate at twice the engine’s speed and smoothing out some variations in the piston’s movement.32

A year later Watt received another patent for some contrivances that sought to give pumping engines a “smoother and more economical cycle.” Some of them, intended to equalize the power stroke, turned up in various forms as part of the operation of valve gears in engines designed by George Corliss and Charles T. Porter more than half a century later. Watt also pointed to ways of using steam expansively in the cylinder, something made possible by the presence of his condenser that kept the cylinder hot. He did this by cutting off the steam before the piston finished its stroke and allowing expansion of the steam to complete the stroke. This arrangement produced even greater fuel economy, as Watt showed in an accompanying diagram with calculations he had made. He did not pursue his improvement because the gains in economy were modest for an atmospheric engine, but the idea became crucial later when high-pressure steam engines came along.33

Watt also suggested using the steam to move the piston both up and down, creating a double-acting engine. This idea actually appeared as early as 1775 in the papers Watt submitted to Parliament for extending his 1769 patent. Other inventors had proposed using two cylinders, working alternately, to create a more even turning force. To connect the piston rods of the two cylinders, a Dr. Falck in 1779 devised a rack moving a gearwheel, but it lacked sufficient evenness of operation. Watt tackled the problem of enabling the piston to move up and down smoothly “without chains or perpendicular guides or untowardly frictions, arch heads or other pieces of clumsiness.” The result of his labors was cleverly buried in an elaborate patent of 1784 that, as historian Richard L. Hills noted, covered “a steam road carriage, a rotary engine and at least three other principles for obtaining straight line motions.”34

The key element was a full parallel motion that combined Watt’s three-bar motion with a pantograph. Within a small space the parallel motion allowed the piston rod to directly join the end of the beam moving in a straight line. It was flexible in that more links could be fitted easily within the existing framework of the engine. The design was both simple and elegant and did not require any advanced engineering. Hills called it “the final link in the evolution of the rotative engine.” Watt himself referred to it as “one of the most ingenious, simple pieces of mechanism I have contrived” and wrote much later, in 1808, that “though I am not over anxious after fame, yet I am more proud of the parallel motion than of any other mechanical invention I have ever made.”35

As the business of Boulton & Watt flourished, Watt continued to refine his engine while steadfastly refusing to license it to others. In 1787 he created a clever “centrifugal governor” that automatically controlled the output of steam. This ingenious device, moved by the steam itself, whirled about a vertical rod. The faster it went, the more centrifugal force flung outward the two metal balls attached to it. As the balls moved farther apart, they reduced the steam outlet. As the steam output decreased, the whirl of the governor slowed, the balls dropped, and the steam outlet widened. Steam output always stayed within the range of the ball’s movements. Although no one yet realized it, Watt’s governor opened the door to an astonishing future. It marked the dawn of automation in that it controlled a process by using variations in the process itself.36

Sometime around 1790 Watt devised an “indicator,” the first crude instrument for measuring the work done inside the cylinder. His version of this crucial appendage was merely a pointer that moved over a slide; later one of his assistants, John Southern, invented an improved version that traced a diagram of the readings as they occurred. The indicator and its successors were but one more example of the process that propelled technological innovation. The appearance of Watt’s engine, and every one of its components, inspired other inventors to improve upon it or come up with an entirely new design that found solutions to problems yet unsolved in the original. Watt had not merely invented an engine that made pumping more cost-efficient and galvanized the textile industry; he had launched the power revolution. In 1878 Robert H. Thurston estimated that “the total steam-power of the world is about 90,000,000 horse-power”; that figure would be dwarfed in succeeding years. Without suspecting it, Watt had set in motion forces that literally changed the world. Every material achievement that would characterize civilization during the next two centuries began with the possibilities opened by the steam engine as prime mover.37

Watt also left another legacy, this one of measurement. No method existed for determining the power output of a steam engine or, for that matter, knowing how much power a given textile machine needed to operate properly. Savery invoked the analogy to horses by claiming that his engine could do the work of ten or twelve horses. Marten Triewald, a Swedish engineer, and John Smeaton also tried to gauge the work done by early engines in terms of the number of horses working in shifts for continuous operation. But no one agreed on just how much power a horse put out. Smeaton thought one horse equaled five men; other writers said six or seven. Then Smeaton and John Theophilus Desaguliers calculated how much weight a horse could lift a foot high in one minute. When Watt took up the problem, he rejected both their figures. His tests showed that a horse could raise a 150-pound weight nearly four feet in one second. On this basis he defined 1 horsepower as 550 pound-feet per second, or 33,000 pounds per minute. This figure has remained the standard.38

The firm of Boulton & Watt endured until 1800, when it gave way to a new partnership formed by the sons of both men. By that time it had built 496 engines, of which 164 did pumping, 24 were blowing engines, and the remaining 308 drove textile machinery. Boulton’s vision that the future belonged to the rotative engine proved both accurate and profitable. The partners, close friends to the end, retired wealthy and honored for their contribution. Boulton died in 1809, Watt a decade later. As Hills declared, they had created “one of the crucial machines which helped to launch the Industrial Revolution . . . a design which other manufacturers found they had to copy or else face failure.” It had taken years of trials, modifications, and innovations to perfect, and many scientists as well as ordinary people thought the engine beyond improvement. However, other inventors in workshops throughout Europe and the United States toiled at the challenge of moving beyond the limitations of Watt’s rotative engine.39



CHAPTER 2

CONQUERING THEWATERS 

The time will come when people will travel in stages moved by steam-engines from one city to another, almost as fast as birds can fly, 15 or 20 miles an hour . . . A carriage will start from Washington in the morning, the passengers will breakfast at Baltimore, dine at Philadelphia, and sup in New York the same day . . . Engines will drive boats 10 or 12 miles an hour, and there will be hundreds of steamers running on the Mississippi.

—OLIVER EVANS (1813)1

THE ADVANCE OF STEAM POWER proceeded in stages, each one marked by its own cluster of demands and problems, the solutions to which were always confined by the existing state of technological possibility. Newcomen had created an engine capable of removing water from mines or pushing it through waterworks but little else. Watt’s engine met another pressing need for a reliable source of power to operate textile machines with unflinching regularity. He had freed textile manufacturers from the need to be near running water to power their looms and thereby expedited the rise of the factory system, those “dark, Satanic mills” as William Blake called them. Both the Newcomen and Watt were atmospheric engines that relied on relatively low pressures even though this limited the amount of power they could produce. They were also large mechanisms that were installed in engine houses and not at all portable. But the very existence of these engines suggested other possible uses. If steam could power machinery, why not a vehicle moving over land or sea?

The most obvious limitation to Watt’s engine was the need for so large an apparatus to produce so little power. An engine using higher pressure could develop the same amount of power in a much smaller package; it would not need a condenser or cooling water. Smaller size gave it both portability and flexibility of use even for modest tasks. It worked not by using the vacuum produced by condensing the steam but by using the steam pressure directly, at higher than atmospheric pressure, and then discharging the used steam into the atmosphere. By acting directly it did away with the ponderous beam, complex valve gear, and air pump as well as condenser. Getting rid of the vacuum meant poorer fuel economy, but superior performance and the advantages given above offset that loss.2

However, higher pressure increased the danger of boiler explosions at a time when the technology of boiler construction still lagged. Working parts might be slightly off line, bearings not quite true, other parts not quite square. More precision in parts awaited the development of better materials and machine tools. Because of the danger of explosion, and the fact that it could do without his condenser, Watt showed no interest in developing a high-speed engine. Neither did most inventors. “Although the dead hand of Watt was removed,” wrote historian H. W. Dickinson, “his tradition, amounting among engineers almost to a fetish, held sway and the rotative beam engine continued to flourish . . . It became almost standardized.” But not entirely. A few hardy souls tackled the problem of designing a workable high-pressure engine.3

William Murdock, Watt’s loyal and ingenious assistant, had experimented with a high-pressure engine and built small working models of a steam carriage. Watt included the steam carriage in his 1782 patent to appease Murdock but took a dim view of both its prospects and the high-pressure engine. Four years later he expressed displeasure at Murdock’s continued attention to the steam carriage. Another talented English inventor, Richard Trevithick, took up the challenge. The son of a Cornish mine captain, he apprenticed under Murdock before setting himself up as a consulting engineer. Aware that the Cornish mine owners were eager to get out from under their royalty payments to Boulton & Watt, Trevithick devised an early high-pressure engine for mine use. Called “puffers” because they vented used steam directly into the atmosphere, they achieved some success. But Trevithick did not stay with them; instead he turned his attention to building early versions of the locomotive.4

Trevithick realized that the success of any high-pressure engine depended on the design and construction of better boilers. He knew that Savery’s early version had failed for want of a suitable boiler. The atmospheric steam engine had no such problem; its boiler need only be strong enough to hold the weight of the water inside it. However, the high-pressure engine, by using the steam directly, built up immense pressure inside the boiler. Steam had 1,642 times the volume of water. No one yet knew this figure, although Watt had come remarkably close with his estimate of 1,800. Such pressure required a boiler that was strong and tight, a reliable monitor to measure the temperature inside, and valves capable of releasing the pressure when needed.5

Few people understood how boilers functioned or what materials were best suited to keep them tight at high temperatures. The process of creating steam power began with a furnace to heat the boiler. If coal was used to heat the furnace, it mattered greatly what kind of coal and what burning properties a given type possessed. The design of the furnace had to accommodate the type of coal so as to burn it in the best manner to get maximum heat at minimum cost of fuel. Then the heat and gases had to be transferred to the water inside the boiler as efficiently as possible. From the boiler the steam moved to the engine, again with a minimum loss of heat and pressure. The boiler needed a steady water supply, and the amount had to be monitored. Safety valves were needed to permit the escape of excess steam and prevent explosions.6

Each one of these steps required new materials and techniques as well as better understanding of how heat actually worked. Boiler design soon became an art in itself. Solving the problems inherent in their use took the better part of the nineteenth century, which is why Newcomen, Watt, and other engine designers avoided the major problems by sticking with the low-pressure atmospheric engine. Undaunted, Trevithick attacked the problem head-on by building a cast-iron boiler in 1803 and then creating an enlarged version around 1811. However, Trevithick never patented his boiler or pursued his engine work; instead he turned to other interests. His adventures took him eventually to South America, but none of his projects proved successful, and he died impoverished in 1833. “He was ingenious, a thorough mechanic, bold, active, and indefatigable,” wrote historian Robert H. Thurston, “but his lack of persistence made his whole life, as Smiles has said, ‘but a series of beginnings.’ ”7



The most improbable pioneer proved to be an American whose genius and talents were exceeded only by his obscurity. Intellectual curiosity constantly drove Oliver Evans, as it did Watt, to the challenge of solving seemingly intractable technical problems. Like Watt, too, he rose from humble origins to become a leading innovator in new technologies. However, the wealth and renown heaped on Watt in England escaped Evans almost entirely. Misfortune dogged his career, yet he rivals Eli Whitney in his contributions to American technical progress. Evans was doomed to suffer the classic disappointments of the inventor whose visions far outreach the technology and materials available to realize them. He remains the earliest and most intriguing prophet of American material progress.

Little is known of Evans’s early years. Born in 1755, the fifth of twelve children of a cordwainer and farmer in Newport, Delaware, he somehow gained a semblance of education at a time when public schools did not exist and only the well-to-do could afford private ones. All seven of his brothers stayed with farming for their livelihood; Oliver alone showed an interest in science and a talent for things mechanical. At sixteen he apprenticed himself to a wheelwright and probably learned the rudiments of mechanics from him. When he was seventeen, a trivial incident drew his attention to what became a lifelong fascination. One of his brothers told him that for fun a friend, the son of a blacksmith, had “stopped up the touch-hole of a gun-barrel, then put into it about a gill of water, and rammed down a tight wadding. When they put the breech-end of it into the smith’s fire, it discharged itself with as loud a crack as if it had been loaded with gunpowder.”8

The boys cackled with glee, but the story had quite a different effect on Oliver. “It immediately occurred to me,” he wrote later, “that there was a power capable of powering any wagon, provided that I could apply it; and I set myself to work to find out the means of doing so.” One may doubt that revelation and determination came this quickly to Evans, yet it bespeaks a pattern typical of creative minds: an unexpected epiphany that sparks both an interest and a chain of reasoning followed by a long and arduous period of experimentation to realize the vision. Evans scarcely knew where to begin. He labored fruitlessly for a time until he happened upon a book that described the atmospheric steam engine. “I was astonished to observe that they had so far erred as to use the steam only to form a vacuum, to apply the mere pressure of the atmosphere, instead of applying the elastic power of steam, for original motion,” he recalled, “a power which I supposed was irresistible.”9

Thus began Evans’s quest to design a high-pressure steam engine, a quest that often seemed as futile as the search for the Holy Grail. “I . . . soon declared that I could make steam wagons,” he admitted, “and endeavoured to communicate my ideas to others; but, however practicable the thing appeared to me, my object only excited the ridicule of those to whom it was known. But I persevered in my belief, and confirmed it by experiments that satisfied me of its reality.” Here again is the familiar tale of an inventor who is deemed a crackpot by others because his idea flies in the face of conventional wisdom, and who brushes aside ridicule to pursue his quest (some would say obsession). For Evans, who seemed always to be at the cutting edge of new technology, it became a lifelong pattern.

What is most remarkable about Evans is how early he came to his most important inventions, or at least the concept of them. He made small working models, but without financial backing he could not construct a working engine, and he labored in vain for thirty years to get a sponsor for the work. Like Watt, he did not have the luxury of devoting full time to his creative work but had to earn a living as well. Unlike Watt, he found no Matthew Boulton to smooth his path to commercial success. Evans had to go it alone, which meant that to survive he had to turn his attention to creating devices that might find a market. The American Revolution was in full swing when, at age twenty-two, he undertook the difficult task of making fine wire from American bar iron and then building a machine to card cotton and wool. His father and brothers heaped ridicule on him for wasting his time with such harebrained schemes. Even the blacksmith he tried to hire laughed at him and refused to work until plied with rum by a mutual friend.10

Finally Evans found a mill owner who asked him to create a machine capable of manufacturing five hundred complete card teeth per minute. For this device he offered Evans a measly two hundred dollars; in return, Evans was to keep the machine secret for two years and could build only one other like it. Evans produced a machine that turned out not five hundred but three thousand card teeth a minute. Delighted, the manufacturer also bought the other machine Evans was allowed to construct. The inventor had no patent, the secret of his machine soon got out, and he realized nothing more on his invention. Nothing more is known of his life during the war years other than that he was enrolled in the local militia along with two of his brothers. In 1782 he turned up in a village on Maryland’s Eastern Shore operating a small store with his younger brother Joseph. The store did well, and the following year Evans married Sarah Tomlinson, the daughter of a Delaware farmer. To outward eyes he seemed at last to be settling down. In fact, Evans was on the verge of perfecting his first great invention.11

His time in Delaware and Maryland brought Evans into contact with several gristmills. Appalled by the inefficiency of the process, he decided to invent machines that would expedite the cumbersome process at every stage. In 1782 Oliver persuaded his father to sell part of his farm to him and two of his brothers. There Evans erected a prototype mill based on no fewer than five new inventions. As early as 1783 he told several people that he intended to build a mill capable of taking grain from the sack and transforming it into flour without any manual labor. No one believed him. By September 1785 Evans had the mill up and running. Other millers saw the advantage of each improvement as it went into service and began using them. Some paid a small royalty to Evans; others did not. Since the new United States government did not yet have a patent law, Evans secured patents from Delaware, Maryland, New Hampshire, and Pennsylvania in 1787. When the federal government passed a patent law in 1790, Evans applied for and received U.S. Patent No. 3. One of his first licenses went to none other than George Washington.12

In 1795 Evans publicized his innovation by publishing The Young Mill- Wright and Miller’s Guide, a book that went through fifteen editions. Still few people realized the significance of what Evans had done. He had in fact created a fully automated mill in which all the work was done by machines of his invention. Apart from being the first to automate a complete production process, he had transformed what became the most important industry in the young country. Millers bought grain in quantity from farmers, turned it into meal and flour, and sold it to wholesalers, who sold it to markets both at home and abroad. By 1840 the nation had about twenty-four thousand gristmills in operation, and most of them utilized some or all of Evans’s innovations. The total value of flour produced soared from $14 million in 1810 to nearly $250 million in 1860, making it the nation’s leading industry even though, thanks to Evans, it employed fewer people than other industries. The flour-milling industry became a sign of things to come.13

By revolutionizing a major industry, Evans struck at the heart of a great national problem. Labor, especially skilled labor, was chronically scarce and therefore expensive. The great value of machines and mechanization was that they dramatically increased output while minimizing the number of workers required. Evans pioneered the process that would characterize the economic revolution of the nineteenth century: the substitution of machines for workers. Machines not only did the work of many hands but also required fewer skilled workers to tend them. Their proliferation threatened skilled craftsmen in many fields with extinction, but they also increased both the amount and quality of output by astronomical sums.

Once again, however, Evans profited little from his ingenuity. Although he held the patents, millers did not always honor them or pay the required licensing fees on time or at all. Like Watt, he soon experienced what became another familiar scenario for successful inventors: the wearying task of suing those who infringed on his patents and defending himself from those who claimed he had infringed on theirs. Discouraged by his struggles, Evans packed up his household and tools and moved to Philadelphia in 1792. On that larger stage he hoped to find a more prominent place, and he soon discovered a strong demand for skilled mechanics and millwrights. He also found a number of needs that rekindled his interest in a high-pressure steam engine. The potential of portability most intrigued him. Watt’s engine was so heavy that it could not have been budged by the power it produced. To become portable, an engine would have to use steam directly. Thanks to Evans, the steam engine, so far a creature of mine and mill, was about to grow legs.14

Steam power scarcely existed in the United States when Evans took up the challenge. Dickinson claimed that only six engines could be found in the entire country in 1803 and that “mechanical construction and skill were at least fifty years behind those of England.” Yet as early as 1786 Evans petitioned the Pennsylvania legislature to grant him a patent for a steam carriage, and six years later he filed specifications with the U.S. Patent Office for both horizontal and vertical reciprocating engines, a rotary engine, and a boiler enclosing a furnace. The rotary engine had apparently been conceived as early as 1773. However, he could not interest anyone in funding his work and had to develop it on his own while supporting himself by making millstones and selling plaster of Paris and milling supplies. Efforts to promote his inventions and book in England dragged on for years without success. The intense labor involved in breaking up stone with a sledgehammer for the millstones did much to inspire Evans to perfect his engine. Despite his interest in steam carriages, Evans conceded that he had to design for mills if he were to make any sales.15

The city of Philadelphia had two engines of the Boulton & Watt design to pump water. They passed for state-of-the-art despite their weak pressure. By 1801 Evans had produced a high-pressure engine that could “break and grind 300 bushels of plaster of Paris, or 12 tons, in twenty four hours.” To prove its worth he staged an exhibition on Market Street in which his engine drove twelve saws cutting marble. He then devised a new type of internal boiler to feed his engine. Despite its obvious merits, Evans received little encouragement to continue its development. In 1804 he patented both the engine and its boiler, which he advertised as “more simple and much smaller in size, therefore can be afforded at a much less price and require less room, water, and fuel.” He calculated the cost of building one at $886.60 and continued to experiment with improvements on it. In 1805 he published his second book, this one on his experience with steam engines, and titled it The Abortion of the Young Steam Engineer’s Guide.16

That same year Evans completed his most spectacular creation. The Philadelphia Board of Health accepted his proposal to construct a scow capable of dredging the putrid sludge and mud that had accumulated around the wharves at the lower end of the city. Having just failed in his effort to get his automatic flour mill patent renewed by Congress, Evans decided to make this project a showcase for steam power. He built a dredging scow thirty feet long and twelve feet wide with a moving chain of buckets designed on the same principle as the grain elevator in his flour mill. To power it, Evans designed a new type of engine with four drop valves in place of the old inefficient plug cocks. The odd motion of its beam led to its being called a “grasshopper” engine. Once the engine had been installed, the scow was fitted with wheels, but under its weight of fifteen tons they broke down almost immediately. Evans’s workmen offered to make new ones without being paid, and their generosity got the scow remounted and ready to move.17

Nothing like it had ever been seen. Evans called it the “Oruktor Amphibolos,” or Amphibious Digger. He inserted notices in at least two publications that he intended to have his new creation circle Center Square for the benefit of spectators, but it is uncertain whether this display ever occurred. However, the huge scow did lumber down Market Street to the Schuylkill River and head downstream. In one stroke Evans had demonstrated both a steam carriage and a steamboat, although neither one moved very fast or efficiently. Once put to work, the Oruktor had only limited success at dredging and was finally scrapped in 1808. Nevertheless, Evans had opened the door to a new era in transportation. Earlier he had submitted a proposal to the Lancaster Turnpike Company urging it to consider using steam wagons on the road. The bewildered directors dismissed his detailed offer, and Evans never again built an engine for a locomotive or land vehicle.18

But he remained busy. Business improved enough that in 1806 Evans opened his own foundry so that he could finally cast his own iron. He called it the Mars Works, and during the next decade it produced nearly a hundred steam engines and boilers along with a diverse lot of products ranging from screw presses for sugar, cotton, and tobacco to machinery for spinning wool. He also experimented with anthracite coal for smelting at a time when no one thought it useful for much of anything. One of his steam engines went to power a gristmill in Lexington, Kentucky; another was installed in a Pittsburgh flour mill constructed by Evans and some partners. These became two of the first manufacturing plants in the nation to be powered by steam rather than water or draft animals. Gradually Evans expanded the Mars Works until it became a model machine shop with the finest tools available. In 1811 he took the bold step of opening a second shop, this one in Pittsburgh, and placed his son George in charge of it.19

Despite the ordeal of constant litigation and the press of business, Evans’s fertile mind kept churning out new concepts for devices that were far ahead of their time. He explored the possibility of using the sun’s rays to heat water, thus doing away with fuel altogether. “The time will come,” he predicted, “when water will be raised in great quantities by the heat of the sun at very small expense, for various purposes; but the expense of such inventions cannot in many instances be borne by those who have the mental powers to design them . . . In such cases aid from government becomes necessary.” He designed a central hot-air heating system, a gas-lighting system, a vapor-compression refrigeration cycle, a perpetual baking oven, and a method of heating mill buildings by using the exhaust from his steam engines. Like so many of his insights, these would not become practicable for decades.20

He also continued to refine his design of boilers, enabling them to use fuel more economically and withstand higher pressures. The boilers of Watt’s day produced only about 5 pounds per square inch of pressure; Evans’s first engine was measured at 50 psi, a figure that later models tripled. “The more the steam is confined,” he wrote, “and the shorter it be shut off by the regulator, the greater will be the power obtained by the fuel. For every addition of 30 degrees of heat to the water doubles the power. So that doubling the heat of the water increases the power 100 times.” Put another way, the power of his engine rose in geometrical proportion while fuel consumption rose arithmetically. It would be another forty years before engine builders fully grasped Evans’s insight into the economy of high-pressure engines.21

The stress of pioneering in so many areas took its toll on Evans. More than once he railed against the inability of the law to protect inventors, who often wound up spending more time and energy defending their rights than exploring new inventions. Having buried his frustration for years, he could no longer contain himself. In his introduction to the 1807 edition of The Young Miller’s Guide, Evans denounced the patent law for giving inventors only fourteen years of protection, a period “barely sufficient to mature (in this country) any useful improvements.” It was in fact a snare and a delusion:

The inventor is deluded by the name of a patent, and his hopes raised by the accounts he has heard of the success of inventors in England, and he makes great exertions and sacrifices to mature, and introduce into use, his improvements; but just as he begins to receive compensation his patent expires, his sanguine hopes are all blasted, he finds himself ruined, and conceives that he has been robbed by law, is thrown into a despair, and tempted to deem the precious gift of God . . . as a curse . . . I . . . declare, that all my study, labour and time expended during the most vigorous half of my life in making new inventions, etc. I account as lost to myself and family . . . Two years ago I totally relinquished all pursuit of new improvements . . . Had the laws been such as to ensure adequate compensation, I could . . . have invented and introduced into use other improvements that would have proved ten times as beneficial to my country, as all those which I have accomplished: but I have been forced to bury my talent with disgust.22

Evans followed this startling outburst with even more shocking actions. He took all his drawings, notes, and specifications, including those still unborn, bound them together, and put them in storage with a vow never to open them “until the laws make it my interest or their own to do so.” The law remained as intractable as ever, and Evans’s resentment continued to fester. The last straw came in May 1809 when Judge Bushrod Washington declared in a ruling that a patent right infringed on the public interest. Convinced that patent rights were no longer safe, that to leave them to his children would put them on “the same road to ruin, that had subjected me to insult, to abuse and robbery all my life,” he went home and piled up all the papers he had stored two years earlier—the collected works of his life as an inventor. After summoning his family, he told them that what he was about to do was for their own good, then pitched the entire pile into the fire. His career as an inventor was finished.23

Although he continued to explore and tinker, Evans devoted the last decade of his life to business. Plagued by an inflammation of the lungs, he lay ill in the New York home of his father-in-law in 1819 when news came that fire had destroyed the Mars Works. Four days later he died, leaving his machine shops in the capable hands of his son George and two sons-in-law. Even in death Evans found no rest. He was buried in the small graveyard of the nearby Zion Episcopal Church. In 1854 the church property was sold and Evans’s remains, unclaimed by relatives, were moved to a new church on Murray Hill. The new church was sold in 1890, and Evans’s remains, along with several others, were again exhumed and moved to Trinity Cemetery at 157th Street and Broadway, where they were deposited in plot 641. In death, as in life, Evans suffered the indignity of undeserved neglect and anonymity. Nevertheless, he left the nation a legacy of invention that included the steam engine of the future. That legacy unfolded not only in industrial use but most spectacularly in transportation on land and sea.24

FOR AMERICANS ON the move, the grand objective was to apply steam power to conquer their vast, sprawling interior. Especially did they want to utilize the impressive network of inland waterways. The Atlantic seaboard had its bays, sounds, and tidal rivers reaching back to the fall line, which gave it a useful transportation system. Once past the Appalachian Mountains, however, the problem of moving goods and people became acute. Decent roads were one obvious answer but a slow and costly one in so vast a territory. The navigation of western rivers rendered sails all but useless. Unlike eastern rivers such as the Hudson, they tended to be narrow, meandering, and filled with snags. Thick stands of trees along the banks acted as windbreaks. During the early nineteenth century three major solutions to the transportation problem arose: steamboats, canals, and railroads. The two most important of these responses required steam power and the development of suitable engines. Oliver Evans had not only anticipated both types of travel but tried to develop vehicles for them.

The application of steam to water travel would represent an enormous advance. On the high seas it would mean that a ship need no longer be at the mercy of the prevailing wind and might steer a straighter course at a steady speed toward its destination. On rivers like the meandering Mississippi it would mean that for the first time boats might travel upstream against the current. The barges and keelboats that carried goods down the Mississippi, for example, were either broken up and sold for scrap at New Orleans or taken laboriously back home by poling or hauling with rope, a journey that took three or four months at best. The steam engine offered the tantalizing prospect of turning this journey into a two-way trip as well as the opportunity to replace exhausting overland travel with a pleasant cruise aboard a well-appointed boat. However, few inventions endured a more painful or prolonged birth than the steamboat.25

Legend has long credited Robert Fulton with inventing the steamboat, but the story is much more complex. As historian Louis C. Hunter observed, “There is good reason to question whether Fulton’s name should be placed much if any higher than the names of John Fitch, John Stevens, or even Oliver Evans.” Evans had long been intrigued by the prospect of using steam power to travel over land or water. The Oruktor had managed, however briefly, to do both in one vehicle, but it was hardly practical. Evans also had dealings with all three of his chief rivals in the quest to develop a practical steamboat. Fitch was an acquaintance who had discussed aspects of steamboat development with Evans several times over the years. Both were moody men given to bouts of depression who felt that fate had somehow robbed them of their just due. In Fitch’s case, fate robbed of him of just about everything.26

The high-pressure engine, with its relatively light weight and portability, seemed ideal for application to water travel, although it posed the danger of boiler explosions. Evans had long viewed it as the best type for water travel. In 1802, three years before the Oruktor made its debut, he agreed to install one of his engines in a steamboat being built by some men in the West. After completing the engine, he sent it along with the boiler to New Orleans, where the boat was being constructed. Early in 1803 the steamboat was nearly ready for its trial run up the Mississippi River when heavy rains unleashed a flood that carried the boat half a mile inland to a place where it could not be moved back to the water. Thwarted once again, Evans gloomily removed the engine and installed it in a sawmill, where it did splendid work. He continued to advocate the high-pressure engine for western riverboats, but its acceptance came slowly. Once again he remained a prophet without profit.27

Fitch’s life resembled that of a Charles Dickens character with all its improbable twists and turns. Born on a hardscrabble Connecticut farm in 1744, he got only a taste of education, although he loved school and begged for more time off from the farm to attend class. At eleven he heard about a geography book and planted an extra patch of potatoes to earn the money to buy it. Once the book arrived, he practically memorized it. Apprenticed to a clockmaker at eighteen, he was worked like a slave but taught nothing of the trade. Freed of his contract at twenty-one, he lived with his father for two years and eked out a living making small brass items until he had saved enough money to go partners in a potash works. He married a local woman older than himself who bore him a son. She nagged him constantly until Fitch, unaware that his wife was again pregnant, carried out his threat to leave despite her pleas for him to stay.28

For six months he wandered as a tramp, tried unsuccessfully to enlist in the British army, and then settled in Trenton, New Jersey. There he launched a successful career as a silversmith only to have it disrupted by the American Revolution. He joined the local militia but got embroiled in one tiff after another and left his unit, although he toiled long hours at repairing and refitting arms. When the British entered Trenton, they destroyed nearly all of Fitch’s furniture and belongings. Discouraged, he packed up what little was left and moved to a small village in Bucks County, Pennsylvania. There he started a new career supplying beer, rum, tobacco, and other goods to the Continental army during the harsh winter of 1777–78, when Washington’s men were enduring their ordeal at Valley Forge. He earned good money at the work only to see its value shrivel to nothing because of rampant inflation. After the army departed, he took up his old trade of silversmith but found little business.

Seeking yet another fresh start in life, Fitch managed to finagle a post as deputy surveyor in Kentucky. His first two trips, in the springs of 1780 and 1781, filled him with high hopes for making a fortune by buying land warrants in that western region. During the spring of 1782 he bought several barrels of flour and loaded them on a barge in Pittsburgh, hoping to take them to New Orleans and earn enough profit to buy land. On the trip downriver, however, he and his companions were captured by hostile Indians and endured several harrowing weeks culminating in a forced march to Detroit, where they were turned over to the British. After languishing in a prison near Montreal, Fitch was released and put on a ship to Boston. Ten stormy weeks at sea landed him in New York before he finally made his way back to Bucks County.

Sick and exhausted, Fitch clung tightly to his dream of western land. He formed a land company and spent the summer and fall of 1783 surveying in the Ohio Valley, but his hopes for securing large tracts of land were blasted by the Land Ordinance of 1785, which called for public land to be sold in lots. The act, he later wrote, reduced him “from an immense fortune . . . to nothing at one blow.” In the spring of that same year, however, Fitch was struck by an epiphany that changed his life. Walking home from a rare visit to church, he cursed in pain as rheumatism buckled his knee. While bent over, he noticed a gentleman passing by in a horse-drawn carriage. “A thought struck me,” he claimed later, “that it would be a noble thing if I could have such a carriage without the expense of keeping a hors[e].” Thus was born the insight that led him to consider steam as a way of propelling such a craft.29

Fitch knew nothing about steam and, like the vast majority of Americans, had never even seen a steam engine. Yet within a week he “gave over the Idea of Carriages but thought it might answer for a Boat.” Two or three weeks later he visited a friend who showed him a book with an illustration of a steam engine. Chagrined at not knowing of its existence and more determined than ever to create his own version of an engine, Fitch threw himself into the task. A few months later, in November 1785, he walked to Mount Vernon plantation in Virginia and presented himself to George Washington. Dirty and unshaven, his clothes filthy from the journey, his dark eyes fired with determination, he described his project to the general in detail and asked for a letter of introduction to the Virginia Assembly. Washington declined, and Fitch went on to Richmond to experience more disappointments there. Although Washington gave no reason for his refusal, Fitch thought he knew the source: James Rumsey.30

In September 1784 Washington had met Rumsey, who impressed the general with his model of a boat that pushed upstream by using a complex set of paddlewheels and poles. The action was purely mechanical; no engine was involved. Nevertheless, Washington agreed to give Rumsey a written statement to help him attract investors and possible funding from the state of Virginia. He also hired Rumsey to build a house and some outbuildings for him at Bath, Virginia, where the encounter took place. The possibility of a boat capable of moving up western rivers excited Washington, who personally owned nearly fifty thousand acres of western land. Rumsey had been tinkering with his mechanical poleboat for some time. A year older than Fitch, he too was a self-taught farm boy turned inventor. Where Fitch was an intense, sometimes abrasive personality with the grim air of a prophet about him, Rumsey was handsome, charming, and well-mannered. Within a few months he managed to obtain monopolies for his boat from Virginia, Maryland, and Pennsylvania. He called the vessel a stream-boat, thereby setting the stage for years of confusion and controversy.31

That same winter of 1784–85, Rumsey began experimenting with steam as a power source for his boat. Like Fitch, he had to work in an intellectual vacuum. He knew only about the early Savery and Newcomen engines; one of the latter pumped water from an iron mine near Cranston, Rhode Island. Watt was just coming out with his more efficient double-acting engine, but only Americans who had ventured to Europe knew anything about it. Yet Rumsey, like Fitch, managed to design and build an engine from scratch. He even came up with a pipe, or tube, boiler, which later became the standard for steamboats. For propulsion he concluded—wrongly, as it turned out—that a paddlewheel would not do and decided to use a water jet system instead. His brother-in-law built for him a six-ton boat, and on March 14, 1786, the first trial was attempted. The machinery worked poorly, and Rumsey settled in for what proved to be a long and frustrating series of tests.32

Fitch, too, was thwarted and frustrated by his early trials, but he had made significant progress. Despite lukewarm responses from Benjamin Franklin and the American Philosophical Society, he had won over some important backers and managed to persuade the New Jersey Assembly to grant him exclusive rights to operate his steamboat on state waters. This coup enabled him to organize a company and raise money for his work. By March 1787 Fitch had secured a monopoly from Pennsylvania. He had also encountered a bright mechanic named Henry Voigt (or Voight), who became his indispensable partner in building the boat. Fitch called him “the first Genius that ever I was acquainted with.” Through trial and error Fitch and Voigt devised an engine that bore two key features of Watt’s engine: a condenser (Fitch called it a “cistern”) and a double-acting cylinder. Fitch designed a hull and a paddlewheel system but decided against the latter. Voigt convinced him that water jet propulsion was even more inefficient than a paddlewheel. Instead Fitch came up with an elaborate crank and paddle system.33

Although money problems continued to dog Fitch’s efforts, his fundraising got a boost when Delaware and New York both granted him monopolies. In April 1787 the boat’s hull arrived in Philadelphia and was aptly named the Perseverance. Fitch and Voigt built a brick furnace on the deck and installed the machinery even though it continued to pose problems. In August 1787, while the Constitutional Convention toiled away in the summer heat only a few blocks away, Fitch gave his vessel a trial run. He had invited the convention delegates to attend, and a few accepted. The engine worked well, but Fitch realized gloomily that it could not produce enough power to be commercially viable. A more powerful engine was needed, he concluded, and with it a longer, narrower hull. Nearly a year passed before Fitch was ready to undertake the next trial. By that time the race between him and Rumsey had erupted into an open war.34

After his early good fortune, Rumsey had endured a string of mishaps. A recommendation by George Washington obliged him to accept a post as superintendent of the Potomac Navigation Company. The job proved a disaster and led Rumsey to resign just short of a year later. It also took time away from his work on the steamboat, where boiler leaks and other problems continued to plague him. Rumsey’s engine too suffered from lack of power, and he grew increasingly agitated over news of Fitch’s progress and especially of his rival gaining monopolies in state after state. Not until September 1787 did Rumsey have his boat ready for another trial. Although it failed miserably when several joints in the new boiler leaked steam badly, Rumsey was encouraged. The new boiler design worked fine and needed only better workmanship to seal the joints. In November he heard that Fitch had just secured monopoly rights in Rumsey’s own state of Virginia. Rumsey had not planned another trial until spring, but the news impelled him to schedule a public trial on December 3 at Shepherdstown.35

It was a bold and risky decision. Already some locals had labeled him “crazy Rumsey,” and a public failure might doom his hopes for acceptance. A host of local dignitaries, including Revolutionary War hero General Horatio Gates, gathered along the banks of the Potomac to watch the spectacle. As the boat moved away from shore and turned into the current, the general exclaimed, “My God, she moves!” For about two hours the boat continued up and down the river, making a steady three miles an hour when going against the current. Thrilled (and doubtless relieved) by his success, Rumsey scheduled another public demonstration for December 11. This trial came off nearly as well, and the boat managed to do four miles an hour going upriver. Buoyed by these triumphs, Rumsey pondered his next step. Fitch had sought and narrowly failed to get monopoly rights from Maryland. How was he to get around Fitch? Reluctantly he realized that he had to move to Philadelphia, where both potential backers and skilled mechanics could be found even though it meant facing off against Fitch directly.36

As a first step, Rumsey published in January 1788 a pamphlet describing his invention and defending it against Fitch’s claims that Rumsey stole his ideas about steam from him. Once in Philadelphia, Rumsey used all his charms to win financial support and endorsements from influential citizens. He formed a new company called the Rumseian Society, the investor-members of which included Benjamin Franklin, who bought one share. The American Philosophical Society (APS), which had snubbed Fitch, invited Rumsey to join. That April the APS received notices of two new inventions. One was Rumsey’s imaginative tube boiler, the other a series of improvements for boilers designed by Voigt that included a tube boiler resembling Rumsey’s. Rumsey immediately charged Fitch and Voigt with stealing his design, although no evidence exists that they did.37

Surprised by the attacks, Fitch laboriously gathered evidence for a rebuttal to Rumsey’s “wicked and invidious” pamphlet. Going on foot to Frederick and Baltimore, he collected affidavits from workmen and others who had done work for Rumsey to show that the latter’s boat had not been built first. By early May Fitch had his own pamphlet ready for the printer. Before delivering it, he paid a call at Rumsey’s boardinghouse and read his startled rival some passages. Rumsey left the response to his brothers-in-law, exhorting one of them to “leave no stone unturned to detect Fitch in his villainy,” and sailed to England in search of patents. The resulting pamphlet presented nineteen affidavits to refute Fitch’s claims. It damaged his reputation, but neither man profited from the fight.38

Once in England, Rumsey met with Boulton and Watt and impressed them enough that talk turned to a business arrangement between them. However, the proposal offered by the Englishmen so offended Rumsey that he dashed all hope of an alliance with the most prominent steam engine firm in the world. Although Rumsey managed to secure an English patent, his efforts to raise money for a new boat, the Columbian Maid, led him through one frustrating escapade after another. He narrowly escaped being thrown into debtor’s prison, worked for an Irish canal project, and went into the business of improving mills with new inventions. Not until the fall of 1792 was his boat ready for another trial, which failed thanks to bad luck and careless handling. On December 15 Rumsey tested the engine at dockside with encouraging results. “I have very little doubt of success,” he wrote a friend, but on December 20 he died suddenly of an apparent stroke. Although his boat received another public trial, it still needed considerable work. Without Rumsey to push the project, it soon vanished.39

While Rumsey struggled in England, Fitch and Voigt toiled at getting their boat in shape to test. Modifications to the boiler and oars enabled them to make a trial run in July 1788. With two of the company’s stockholders aboard, Fitch and Voigt chugged smoothly upriver from Philadelphia to Burlington, about twenty miles, the longest nonstop journey by steam yet made. All went well until the tube boiler developed a leak and the boat had to drift back home with the tide. Three months later they repeated the trip successfully, this time with more than thirty passengers, but at a speed that disappointed Fitch. “Although we had made our boat go fast enough to answer a valuable purpose on the Ohio,” he wrote later, “it did not go fast enough to answer a valuable purpose on the Delaware.”40

The dilemma was painfully clear and inescapable. His balky, low-pressure engine could deliver a speed of only about four miles an hour. That might do on a winding western river where no competition existed, but on the broad Delaware a steamboat had to outdo a stagecoach running over decent roads. A stage could run the thirty-eight miles from Philadelphia to Trenton in less than five hours, or between seven and eight miles an hour. A steamboat could not compete unless it could match or beat that performance. Fitch knew this realization would lead most if not all of his investors to abandon him. To make matters worse, Voigt decided that he had sacrificed enough and left the project. Fitch fell into despair. “I frequantly [sic] wished that Heaven had rather put it in my mind to have cut my own throat, than to have put me in mind of building Steam Boats,” Fitch lamented later.41

Yet Fitch did not give up. He formed a new company, acquired two new partners, and studied every component of the engine for ways to increase its power. Voigt relented and returned to help create a new and better engine. He brought some fresh ideas that improved the engine, but disaster struck again in September 1789 when the boat caught fire. Fitch managed to sink it and thereby save the machinery. By December the partners had contrived to raise and patch the boat, but still its speed did not exceed four or five miles an hour. During the winter months, the partners bickered over what to do next but did reach some major decisions. The cranky tube boiler was replaced with a conventional pot boiler despite Fitch’s objections, and the side paddles gave way to a stern paddlewheel. The old machinery received a new condenser and air pump before being installed in March 1790. They proved to be crucial modifications.42

On April 12 they took the boat out for another trial. To their delight the engine worked so well that its force snapped one of the pulleys in two. They fitted the boat with a stronger chain and four days later went out again. Despite a strong northeast wind, they made steady progress upriver. “We reigned Lord high admirals of the Delaware,” Fitch wrote gleefully, “and no Boat on the River could hold sway with us, but all fell a-stern.” Nothing broke down on the trip, convincing Fitch that his time had come at last. He admitted to being “flushed with success, and knowing that 4 men could navigate 100 Tons up the Mississippi, we concluded that our Troubles were at an end.” More trials confirmed that the boat was seaworthy. Eagerly Fitch and his partners installed cabins and prepared the boat for commercial use that summer on the run between Philadelphia and Trenton.43

Fitch advertised the service heavily and the boat performed admirably— going five hundred miles before suffering mechanical problems—but the passengers did not come. In desperation the partners offered free food and drink on board, but every voyage continued to lose money. What had proven to be a technological triumph turned out to be a commercial failure, and the service was abandoned after that first summer. His investors backed away, and Fitch eventually found himself nearly penniless once again. He received an offer to build a steamboat in France but arrived in the midst of the revolution and endured a struggle to get home again. Once back in the United States, he drifted about before deciding to retire to Kentucky, where he still owned 1,300 acres of land near Bardstown. There he traded a tavernkeeper 150 acres of farmland for room, board, and a pint of whiskey a day. Legend has it that he drank himself nearly to death and finally committed suicide by taking pills, but a descendant claimed after investigating the facts that he died in 1798 of natural causes.44

Despite his bitter disappointments, Fitch never stopped talking or thinking about steam engines and steamboats. While in Kentucky he built some models to occupy himself, and he understood clearly what his true legacy would be regardless of how poorly his contemporaries had treated him. He had created the first commercial steamboat operation in history, but even more important, he had unlocked the door to the future. “This will be of the first consequence to the United States,” he predicted after his successful run of 1790, “and make our Western Territory four times as valuable as otherwise it would be. This has been effected by little Johney Fitch and Harry Voigt, one of the Greatest and most useful arts that was ever introduced into the World. And altho the World nor my country does not thank me for it, yet it gives me a heart felt Pleasure.” 45

THESE THREE MEN—Evans, Fitch, and Rumsey—became the prophets and pioneers of the steamboat only to suffer bitter personal disappointments in the end. Fame and fortune went instead to Robert Fulton, whose story has been told many times and need not be repeated in detail here. Born in 1765, the son of a Pennsylvania farmer, he took up painting before turning to invention. After a bout with consumption Fulton went to England in 1786, where he fell under the spell of painter Benjamin West. He went to France in 1797 and remained in Europe nearly ten years, working first on canals and then trying to interest the French and then the British government in his “diving boat,” or submarine, and an early version of the torpedo. Five years later he met Robert Livingston, the American minister to France, and formed a partnership that was to last until Livingston’s death in 1813. A wealthy, influential New Yorker who helped negotiate the Louisiana Purchase in 1803, Livingston joined with the ambitious Fulton in trying to develop a steamboat for use on the Hudson River that flowed past Livingston’s vast estate, Clermont, ninety miles north of New York City.46

Although Fulton continued to work on a variety of projects, the steamboat gradually took priority. Livingston managed to get Fitch’s New York monopoly annulled and acquired it for himself and Fulton. It called for demonstrating a boat capable of traveling four miles an hour upriver. Fulton did not invent the boat himself; it was rather, in Cynthia Owen Philip’s words, “a collaboration of experts.” Instead of designing his own engine, Fulton acquired one from Boulton & Watt and had it shipped to New York. Fulton himself reached New York City in December 1806 after nearly twenty years’ absence from the United States and went to work on the steamboat. Already Fulton sensed that the true market for his craft was the Mississippi rather than the Hudson, but Livingston insisted that they conquer the New York river first. Working furiously, endowed with ample funds, and displaying an impressive talent for managing and inspiring his men, Fulton had his boat ready for trial by August 1807.47

The historic trial took place on August 17. Fulton’s boat sailed upriver from New York to Albany, about 150 miles, in thirty-two hours, stopping overnight at Clermont. The same trip under sail took about four days. Although Fulton’s boat was also rigged with sails, he did not use them. Despite its later fame, this triumphant journey received hardly any notice in the newspapers. Nevertheless, it marked the prelude to what became regular steamboat service on the Hudson and soon afterward on the other major eastern rivers. Rather than inventing the steamboat, Fulton had made it work in a commercially viable service. Moreover, he performed this feat using a low-pressure Boulton & Watt engine, which proved adequate for the broad eastern rivers. During 1808 the refurbished boat earned profits as high as $1,000 a week. It also brought him endless litigation over patents and other issues. But Fulton wanted more; he aspired to conquer the western rivers as well.48

In 1811 Fulton and Livingston obtained exclusive rights to run steamboats on the lower Mississippi River. Fulton commissioned Nicholas Roosevelt to build a boat at Pittsburgh. Roosevelt had the boat ready by September, and on October 20 the New Orleans began what became a historic and memorable journey down the Ohio and Mississippi rivers to its namesake city. A series of bizarre and unnatural events surrounded the trip. In April the Great Comet, one of the biggest and brightest ever known, opened a nine-month stand in the heavens. During the summer the Mississippi and other rivers spilled over their banks for no apparent reason, and thousands of gray squirrels swarmed en masse across the Ohio River as if fleeing for their lives. A solar eclipse darkened the sky in September, and in December abnormally warm weather and hazy skies turned the sun into a “glowing ball of copper.”49

The worst was yet to come. On December 14 Roosevelt tied the New Orleans up near what is now Owensboro, Kentucky, to replenish his supply of firewood. He had lost a month at Louisville waiting for water high enough to pass over the Falls of the Ohio, during which time his wife had given birth to their second child. Two days later everyone on board awoke at 2:00 A.M. to a loud noise as if the boat had run aground. At daylight they found the river muddy and in turmoil, the smell of sulfur in the air, and both banks lined with twisted or fallen trees. A major earthquake had struck during the night, and around 8:00 A.M. a second, more powerful shock set the ground trembling with a deafening roar. The great earthquake of 1811 devastated the Mississippi Valley with a force so explosive that it briefly reversed the course of the river. Miraculously the boat, shielded by an island behind it, remained tied to its moorings.

When the ground stopped shaking, Roosevelt decided that the river might be the safer place and cast off. Slowly the boat threaded its way downriver through trees, whole chunks of riverbank, an occasional empty flatboat, and piles of furniture floating in the water. The aftershocks continued to come— eighty-nine of them between December 17 and 23 by one count. One night the boat’s pilot took refuge by tying up to a tree at the foot of an island. Next morning everyone looked in astonishment at a bewildering sight: The tree was underwater and the island was gone, broken up during the night. At the town of New Madrid they saw massive destruction. Some people begged to be taken aboard the boat, but Roosevelt lacked both room and provisions and had to steam away. Not until they reached Natchez on December 20 did the river begin to look normal. Eleven days later, on January 10, 1812, they reached New Orleans and were greeted by a cheering crowd.

For the first time a steamboat had traversed the Mississippi River from Pittsburgh to New Orleans. Fulton put the boat into service going upriver from New Orleans to Natchez, and later added two more boats to the run. On this 300-mile deepwater stretch of the river his low-pressure engines proved adequate, but the boat lacked enough power to cover the remaining 1,700 miles to Pittsburgh. It soon became clear that the high-pressure engine held the key to future development on the river. At Pittsburgh George Evans, Oliver’s son, and his partner Luther Stephens began building high-pressure engines after their works opened in 1811. Other builders, most notably Henry M. Shreve, designed their own versions of high-pressure engines. In 1815 the Enterprise, with Shreve at the helm, became the first boat to make the upriver journey from New Orleans to Pittsburgh. Two years later Shreve brought the Washington, then the largest steamboat in the West, from New Orleans to Louisville in a record twenty-five days.50

The reliability and performance of the Washington launched a trend toward use of high-pressure engines. By the 1830s a standard type of engine emerged that remained in use for sixty years without serious modification. Robert Thurston hailed it as “the simplest possible form of direct-acting engine.” An 1838 survey of steamboats in the Mississippi Valley found only one of 285 boats in operation that used a low-pressure engine. Gradually there emerged two distinct types of American steamboat. The eastern version, designed chiefly for the passenger trade, featured a low-pressure engine, a broad hull, fine lines, an elaborate finish, elegant furnishings, and speed. The western type, devoted to freight, boasted a high-pressure engine, a narrow hull, little or no keel, multiple rudders, no frills, and several layers of superstructure to compensate for its lack of width. One wag described it as “an engine on a raft with $11,000 worth of jig-saw work.”51

What the western steamboat lacked in grace or elegance it made up in practicality. Although a blizzard of litigation over water rights, patents, and other issues slowed its development, the steamboat proved crucial to the settlement and growth of the West. From modest beginnings the number of boats grew at an amazing rate. In 1817 some 17 boats were plying western rivers; the following year, more steamboats were built in the West than had been previously constructed up to that time. Their number reached 75 by 1823 and 187 by 1830, yet this marked only the beginning of the steamboat era. By 1840 some 536 boats plied western waters, and by 1860 the number reached 735. Not only did steamboats multiply in number, they grew larger as well. Between 1820 and 1860 the average tonnage of a western steamboat increased 40 percent. Steamboat construction, equipping, and repairing became a major industry in itself, especially in the river cities of Pittsburgh, Cincinnati, and Louisville.52

Americans and foreigners alike recognized the important role played by the steamboat in settling and developing the region beyond the Appalachian Mountains. “Steam navigation colonized the West!” declared one American observer. A visiting Frenchman agreed, noting that “without the intercourse made possible by the steamboat, Ohio, Indiana, and Illinois would today be a desert unknown to civilization.” The most astute French visitor of them all, Alexis de Tocqueville, understood that the steamboat brought not only settlement but closer ties among far-flung regions of the young nation. “The discovery of steam,” he wrote, “has added unbelievably to the strength and prosperity of the Union, and has done so by facilitating communications between the diverse parts of this vast body.”53

The steam engine had conquered water and with it distance—but only for those parts of the West that had navigable rivers. Even then the steamboats could run only when the river was not frozen over or the water too low to permit passage. The other half of the vision of Oliver Evans and others had yet to be realized, and it was to prove even more revolutionary than the first. The steam engine was about to conquer land as well.



CHAPTER 3 

THE GREATEST ENGINE OF ALL

Concede that there are now no Steam Rail-Ways anywhere in the world. This is not to say that they will not come—and that soon. As civilization progresses, water-carriage will prove too slow and cumbersome to satisfy the demands of humanity. And this, too, though it remain fairly cheap. What has been accomplished, in comparatively few years, with Steam Boats, points . . . directly at the Steam Carriage. Merely by developing a method of correctly applying the same principles on land, a great saving in time and cost will be effected.

—JOHN STEVENS1

IN 1723 SEVENTEEN-YEAR-OLD Benjamin Franklin decided to go from New York to Philadelphia, where he would live for the next sixty-seven years. To make this ninety-mile-plus journey, he planned to take a boat to Amboy on the north Jersey shore, ride a stagecoach across New Jersey to the Delaware River, and then float down the river to Philadelphia. What seemed a simple trip turned into an all too typical nightmare in an age when decent roads did not exist even between the colonies’ two largest cities and the sea proved as treacherous as ever.2

On Franklin’s first day out, adverse winds drove his ship dangerously close to the shores of Long Island, which were already clogged with the hulks of shipwrecked vessels. It took the captain thirty hours to nurse his ship to Amboy. A drenching rain soaked Franklin’s stagecoach journey across New Jersey and slowed progress enough that he missed the boat for Philadelphia. Learning that another boat would not sail for two weeks, he sighed in disgust, rented a rowboat, and muscled his way to the city he planned to call home. Such were the vagaries of travel in early America even on one of the most heavily traveled routes on the continent. Franklin’s hardships paled before those awaiting travelers heading west into the wilderness or even to other colonies.

Land, a rich, teeming continent of it, was the greatest asset owned by the American people, but for more than a century they had no way to get at most of it. Going by horse or wagon required roads, which scarcely existed and became impassable in winter or wet weather. Traveling by river was a one-way journey in that boats could only travel downstream. One could always go by horseback or on foot, but the sheer distances involved rendered that a long, arduous, and often perilous journey. No obstacle proved greater to the settlement and development of the nation than the lack of transportation. The steam engine and its offspring removed that obstacle in spectacular fashion.3

The steamboat’s conquest of western waters proved instrumental in opening the region beyond the Appalachians to settlement, yet the impact even of this achievement paled before that of the railroads. No matter how extensive the river system, it could reach only select parts of the nation’s vast interior. Moreover, river travel suffered from limitations that could never be overcome. In northern climates the rivers remained frozen for several months in the winter, and during the summer low water made navigation impossible for boats with any significant draft. No river ran in a straight line, and some, like the Mississippi, meandered so badly as to pose a serious challenge to travel. The system of rivers east of the Mississippi ran mostly north and south, which posed problems for the movement of goods and people from east to west and vice versa. West of the Missouri River, the rivers dwindled down to a precious few, and some of them, like the Platte, were too shallow for steamboats.

To create a truly continental transportation system, the steam engine had to walk not only on water but on land as well. Travel for any distance by stagecoach was bone-jarring, exhausting, and dangerous. “I have just finished six days and nights of this thing . . . ,” wrote one weary traveler in 1865. “I shall not undertake it again. Stop over nights? No you wouldn’t. To sleep on the sand floor of a one-story sod or adobe hut, without a chance to wash, with miserable food, uncongenial companionship, loss of seat on a coach until one comes empty.” As late as 1877 the Omaha Herald offered this advice for those about to undertake the adventure:

If a team runs away, sit still and take your chances; if you jump, nine times out of ten you will be hurt. In very cold weather abstain entirely from liquor while on the road; a man will freeze twice as quick while under its influence. Don’t growl at food stations; stage companies generally provide the best they can get . . . Be sure to take two heavy blankets with you; you will need them. Don’t swear, nor lop over on your neighbor while sleeping . . . Take small change to pay expenses. Never attempt to fire a gun or pistol while on the road; it may frighten the team . . . Don’t discuss politics or religion . . . Don’t grease your hair before starting or dust will stick there . . . Tie a silk handkerchief around your neck to keep out dust and prevent sunburn . . . Don’t imagine for a moment you are going on a picnic; expect annoyance, discomfort and some hardships.4

The heart of the transportation revolution lay not in the steamboat but in the railroad, which grew from a flock of fledgling local lines to a massive network that crisscrossed the entire nation. In 1830 American railroads totaled a mere 23 miles of track. The following year, in South Carolina, a locomotive called the Best Friend of Charleston began the nation’s first regular train service. When the Philadelphia Centennial opened its gates in 1876, the country already boasted 76,808 miles of operating railroad, an impressive amount but still only prelude to the great period of expansion that took off during the 1880s. By the century’s end the United States had an astounding 258,784 miles of track, 206,631 of it on main lines. In comparison, the rest of the world totaled 284,435 miles.5

Those early inventors like Fitch, Evans, and Trevithick who had dreamed of creating a land vehicle never realized how much more complex a technological system it would require compared to a steamboat. For the latter, power had only to be transferred to some device like a paddlewheel to propel the boat. Not only was the locomotive a more complex piece of machinery, it also required a roadbed over which to travel. Versions of a “rail road” had been around since at least the seventeenth century. To ease the hauling of coal and ore from mines, roads paved with stone were built. Around 1630 an Englishman named Beaumont got the bright idea of replacing the stone with heavy planks. These gradually evolved into rails made first of wood and then of iron. By the late eighteenth century, the wheels running over these rails had flanges to improve their grip. The road of rails had become familiar at least to miners by the early nineteenth century, but it lacked a source of power beyond the horse.6

The steam engine was an obvious possibility. Work on it expanded rapidly after 1800, when the Boulton & Watt patents expired. Across England, the Continent, and the United States men with a mechanical bent tinkered doggedly with versions of the steam engine, each one in search of a unique solution to whatever problem or challenge intrigued him. Some worked in the privacy of their own homes; others went into the business of building engines. Many of the men who had worked for Boulton & Watt took their expertise elsewhere or went into business for themselves. They soon realized, as did most other builders, that the Watt low-pressure engine would not do for a land carriage because it simply could not generate enough power. Yet strong fears remained about the dangers of high-pressure engines. As late as the 1820s in England the stationary steam engine was still considered a serious, even preferred alternative to the high-pressure engine for railroad motive power.7

Most of the pioneer builders created vehicles that ran on roads. As early as 1769 a French army officer, Nicolas-Joseph Cugnot, built a steam carriage intended to haul artillery, but it failed to perform. Watt’s assistant, William Murdock, built several working models of his steam carriage in 1784 but never moved to a larger version. Oliver Evans put a giant vehicle on the road briefly with his lumbering Oruktor in 1804. Two years earlier Richard Trevithick made and patented a model steam carriage and followed it with a full-sized version that received a public trial in 1803. In typical fashion Trevithick did not develop his vehicle but turned instead to devising one that ran on rails. In February 1804 he put together a steam vehicle that traveled nearly ten miles over iron plates, making him the first to haul a load with a steam locomotive over a fixed track. Four years later he built a primitive locomotive and operated it on a circular track in London until a broken rail damaged it beyond repair. Lacking the funds to build a new one, he turned to other projects.8

Murdock, Evans, and Trevithick all built high-pressure engines for their vehicles. The reason was obvious: Initial high pressure was needed for any use that required high starting torque. Textile mills made do with low-pressure engines because they carefully disengaged their machinery at day’s end. When the engine started up next morning, it had to deal only with its own internal friction and that of the line shafting. A locomotive at rest, however, had to gather a head of steam to move the entire weight of the train forward. The same need existed in the winding engines that lifted coal or ore out of mines and had to raise the entire load at the beginning. Early attempts to use atmospheric engines for this work ranged from frustrating to futile.9

George Stephenson, a self-taught English inventor, worked extensively with winding engines before turning to the steam locomotive. His quick, incisive mind mastered the Newcomen, Watt, and other versions of the steam engine at an early age. In 1815, at the age of thirty-four, he built a locomotive that included all the basic elements of later versions. In fact, he built two different models and patented the second, more efficient one. Two years later, he built an engine for the duke of Portland that successfully hauled coal for thirty years. During the next decade Stephenson studied every aspect of the railroad closely and conducted experiments to determine everything from resistance and friction to hauling power over grades. One finding especially impressed him: He calculated that a steam-powered land carriage might carry twenty to thirty passengers at ten miles per hour, while a carriage on rails could move ten times the number of people at three or four times the speed.10

Convinced that rail travel held the key to the future, Stephenson and a partner in 1824 went into the business of building steam locomotives. The next year he and his son, Robert, created an advanced experimental engine. In 1829 they unveiled the Rocket, the first locomotive to include in the same engine such basic elements as a horizontal tubular boiler, forced draft, and outside cylinders that connected directly via rods to crankpins in the driving wheels. This remarkable engine earned Stephenson wide renown as the father of the railroad. On one run it carried thirty passengers at a speed ranging from twenty-five to thirty miles an hour, the fastest that people had yet traveled on land. Two days later the Rocket hauled thirteen tons of freight at an average of fifteen miles an hour and reached twenty-nine miles an hour on a favorable stretch. The age of railways had dawned, and with it a new mission for the steam engine.11

American inventors did not lag far behind their British rivals. One man in particular had been agitating for the development of railroads since 1811 when he first asked the New Jersey legislature for a charter to construct one. Colonel John Stevens was already fifty-one years old when the nineteenth century opened, and he had been in the transportation wars for more than twenty years. At different times he had tried to beat out Rumsey, Fitch, and Evans with his own version of the steamboat. Later he partnered with Robert Fulton and Robert Livingston before waging a long and bitter campaign against them over their monopoly rights. It did not help that Livingston was Stevens’s brother-in-law and that he had genuine affection for both men despite their rancorous dispute. During their fight, in 1808, Stevens had advanced an argument that was later echoed in the landmark Supreme Court decision Gibbons v. Ogden (1824), which eliminated the steamboat river monopolies.12

A year after approaching the New Jersey legislature, Stevens petitioned Congress to support the construction of a national railroad. He published a pamphlet entitled Documents tending to prove the superior advantages of Railways and Steam-Carriages over Canal-Navigation in which he boldly declared that “I can see nothing to hinder a steam-carriage moving on its ways with a velocity of 100 miles an hour.” This at a time when not a single railroad existed except for the crude trams at collieries! Stevens admitted that such a speed was not likely but added that he “should not be surprised at seeing steam-carriages propelled at the rate of 40 or 50 miles an hour.” At this remarkably early date Stevens was a voice crying in the wilderness, but he clung to his belief in the future of the railroad. In 1826, fourteen years later, he built a locomotive at his own expense and ran it around a circular track on his Hoboken estate. It was the first steam engine to travel on rails in the nation, but it went nowhere and served only to amuse his friends.13

Despite the lack of working models or examples, the new technology especially intrigued merchants in cities on the eastern seaboard who grew concerned at the decline in their influence. The spectacular success of the Erie Canal, which opened in 1825, marked a shift in trade routes that launched a frenzy of canal building by states, cities, and private interests in an attempt to recapture lost trade or build business where none had existed before. Despite the craze for canals, not everyone regarded them as the best way to reach hinterland markets. As early as 1826–27 Baltimore merchants began talking seriously about building a railroad to protect and extend their commercial interests. From their efforts arose the first major American railroad, the Baltimore & Ohio (B&O), which laid its first track in October 1829 and completed thirteen miles of road by May 1830.14

On that stretch of track Peter Cooper, a clever New Yorker who rose from humble origins to become a successful businessman and beloved philanthropist, demonstrated the feasibility of train travel by hauling some passengers behind a locomotive he had built himself. An enthusiastic supporter of the project, Cooper came to Baltimore and bought three thousand acres of land southeast of the city to develop a planned industrial community that would benefit from the railroad’s presence. Although he embellished his story as the years went by, Cooper built his locomotive, named the Tom Thumb much later, to show that it could perform on the new track. Though small, the high-pressure engine generated about 1.5 horsepower at a pressure of 50 psi. Cooper intended his locomotive only as a demonstration model, but it became the first American-built engine to carry passengers and continued to do so for more than six months.15

The merchants of Charleston, South Carolina, also saw their trade slipping away and determined to stop the drain. Looking eagerly at the rich cotton country west of the city, they organized a company to build a road to the small town of Hamburg on the Savannah River, just across from Augusta, Georgia. Completed in October 1833, the 136-mile Charleston & Hamburg (later South Carolina) Railroad became the longest railway line in the world. Its first engine, the Best Friend of Charleston, built at the West Point Foundry in New York for $4,000, was the first locomotive built for sale in the United States and in December 1830 carried 141 passengers on the first scheduled train driven by steam in the nation. It lasted only until June 1831, when a fireman, annoyed by the steam hissing from the pop valve, tied the valve down. The explosion killed him, sent the engineer flying, and demolished the engine.16

Boston merchants took an even more ambitious tack, underwriting rail lines to Lowell, Providence, and Worcester. Before the latter road was even completed, a new company organized to extend it another 150 miles through Springfield to Albany. As the 1830s wore on, railroad mania began to upstage the canal craze. The two sons of John Stevens organized the Camden & Amboy Railroad and completed it in 1833. The following year a group of three roads connected Philadelphia and Pittsburgh; later they would be combined into the Pennsylvania Railroad. By 1840 only four of the nation’s twenty-six states still lacked any railroad track. As rails spread across the land, opposition came from canal owners, some states that had invested heavily in canals, turnpike and bridge companies, stagecoach lines, tavernkeepers, and anyone who saw his business threatened by the railroad. Some people even raised religious and moral objections. An Ohio school board warned in 1828 that “if God had designed that His intelligent creatures should travel at the frightful speed of 25 miles an hour by steam, He would have foretold it through His holy prophets. It is a device of Satan to lead immortal souls down to Hell.”17

Like it or not, this latest device of Satan had come to stay. During the 1850s four railroads emerged as the trunk lines connecting eastern ports to distant western waters. When the Baltimore & Ohio completed its 379-mile line from Baltimore to the Ohio River at Wheeling, Virginia (now West Virginia), it cut a journey that required several days by stagecoach to sixteen hours. The historic meeting of the Union Pacific and Central Pacific railroads at Promontory Point, Utah, in 1869 gave the nation its first rail link to the West Coast. A traveler could board a train in New York City and reach San Francisco seven days later. Prior to that, the trip took thirty-five days to cover 5,250 miles if the traveler sailed to Panama, crossed the malaria-infested isthmus, and boarded another ship. Or one could devote nearly five months to the 13,500-mile route around Cape Horn. The overland stage route from St. Louis to San Francisco reduced the journey to a mere 2,800 miles and thirty days for those willing to endure the constant jouncing, vagaries of weather, and dangers of traveling through hostile territory.18

Not everyone agreed that the saving of time was worth the aggravation of early train travel. A Bostonian riding to Providence lamented being “sit cheek by jowl” with “poor fellows [who] squeezed me into a corner while the hot sun drew from their garments . . . smells made up of salt fish, tar and molasses . . . The rich and the poor, the educated and the ignorant, all herded together in this modern improvement in traveling . . . and all this for the sake of doing very uncomfortably in two days what could be done delightfully in eight or ten.” A wealthy Philadelphia merchant complained that “if one could stop when one wanted, and if one were not locked up in a box with 50 or 60 tobacco-chewers; and the engine and fire did not burn holes in one’s clothes . . . and the smell of the smoke, of the oil, and of the chimney did not poison one . . . and [one] were not in danger of being blown sky-high or knocked off the rails—it would be the perfection of traveling.”19

British visitors added their own flavor of disdain. The actress Fanny Kemble, while on her American tour, compared the railroad car she rode to “a long greenhouse upon wheels; the seats, which each contain two persons (a pretty tight fit, too), are placed down the whole length of the vehicle, one behind the other, leaving a species of aisle in the middle for the uneasy . . . to fidget up and down, for the tobacco-chewers to spit in, and for a whole tribe of itinerant fruit and cake-sellers to rush through, distributing their wares at every place where the train stops.” Charles Dickens, in his American Notes, was even more emphatic in his disgust:

There are no first or second-class carriages, as with us, but there is a gentlemen’s car and a ladies’ car; the main distinction between which is that in the first, everybody smokes; and in the second nobody does . . . On, on, on . . . tears the mad dragon of an engine with its train of cars; scattering in all directions a shower of burning sparks from its wood fire; screeching, hissing, yelling, panting, until at last the thirsty monster stops beneath a covered way to drink, the people cluster around, and you have time to breathe again.20

Nevertheless, the enthusiasm for railroads mounted steadily. By 1856, when the Rock Island Railroad built the first bridge across the Mississippi River, seven railroads had already reached its banks. Two years earlier a New York politico, Thurlow Weed, already grasped the profound shift in trade that had begun. “In a business point of view this river is beginning to run upstream!” he wrote to the New York Tribune. “There is a West growing with a rapidity that has no parallel [and] the railroads that are being constructed . . . are to take the corn, pork, beef, &c, &c, to a northern instead of southern markets.” The reasons were obvious: Shipping by rail was from the start faster, cheaper, and more reliable. Neither the canals nor the rivers could compete with the railroads in these areas. An Iowa produce merchant recalled the convenience of the service:

When the railroad got in operation, produce men were as thick as potato bugs. If a man could raise two hundred and fifty dollars he could begin business. That amount would buy a carload of wheat. In the morning he would engage a car, have it put where he could load it, and have the farmer put his wheat in the car. By three o’clock in the afternoon the car would be loaded and shipped.21

Like all new technologies, the railroad quickly became a laboratory that attracted all sorts of inventors and tinkerers to the many challenges it posed. During the 1820s the Erie Canal had served as a training ground for engineers and inventors seeking to master canal technology; for those interested in railroads, the B&O took on that role as the project where every problem had to be faced and solved for the first time. However, a canal was merely a water road; a railroad required an entire technological system to function. Like all such systems, an improvement in one area demanded upgrades in other components to be effective. A bigger, more powerful locomotive could haul longer and/or heavier trains, which in turn required heavier rails, a more substantial roadbed, and stronger bridges. Although every element was crucial to efficient operation, the process began with the locomotive. Without a good engine, nothing moved.22

The development of the locomotive resembled that of the steamboat. It began with crude designs and rough construction because there existed no fund of engineering knowledge on which to draw and no machinery capable of producing heavy castings and forgings. All the engine’s parts had to be made and put together by hand, making each locomotive a unique creation. Few endeavors offered more challenges or more potential for growth than engine-making. Of the many men who entered the field, Matthias Baldwin soon emerged as the most successful. Born in Elizabethtown, New Jersey, in 1795, he apprenticed to a jeweler at sixteen, became a journeyman, and showed his ingenuity early by patenting a process for gold plating that became widely used. He then went into the manufacture of tools for bookbinding, built the first hydrostatic press made in the United States, and turned out engraved cylinders for printing calico textiles. During this work he developed an interest in steam engines and built a 5-horsepower version for his factory that continued to operate for forty years. Encouraged by its success, he began to build stationary engines.23

Baldwin ventured into the realm of locomotives when Franklin Peale asked him to build one for his Philadelphia museum. Although he had never even seen a locomotive, Baldwin responded early in 1831 with a model version that ran on a circular track at the museum hauling two cars that carried eight people. Impressed by the model, officials of the Philadelphia, Germantown & Norristown Railroad asked Baldwin to build them a full-sized locomotive to replace the horses used on their six-mile line. In constructing the engine, Baldwin had to teach his men everything. So primitive were the tools that he bored the cylinders by using a chisel set in a block of wood and turned by hand. Despite these difficulties, Baldwin completed the engine and named it Old Ironsides. On its first run the engine reached a speed of twenty-eight miles an hour. Company officials accepted the shiny new machine but at first ran it only in good weather because they didn’t want it to get wet. Despite its good service— Old Ironsides kept running for more than twenty years—company officials noted that it weighed seven tons, two more than specified, and tried to penalize Baldwin by paying him only $3,500 instead of the $4,000 called for in the agreement. Disgusted at his treatment, Baldwin told a colleague, “This is our last locomotive.”24

He could not have been more wrong. The success of Old Ironsides led Baldwin to found the Baldwin Locomotive Works, which soon became the leading manufacturer of locomotives in the world. From its crowded Broad Street site in Philadelphia came a steady procession of locomotives, an average of 15 a year during the 1830s. By 1839 he had produced a total of 136 engines; twenty-five years later he was turning out 130 locomotives a year. Most of them were the so-called American, or 4-4-0, type designed by Henry R. Campbell, who created the prototype in 1837. Well suited to a wide variety of needs, the American type remained in production for the rest of the century. It served the military during the Civil War and hauled the first transcontinental trains. As the rail system expanded, designers created bigger, heavier engines to haul longer trains. By 1850 a good American engine could be bought for $8,000 to $10,000.25

Once the locomotive appeared, inventors heaped improvements on every aspect of it. As Baldwin himself wrote in 1852, “Not to go ahead now days is to go behind very fast.” The engine acquired a bell, a whistle, a headlamp, and a cowcatcher to keep livestock and other obstacles from derailing it. When a plague of grasshoppers brought trains to a standstill in Pennsylvania in 1836, a sandbox was added to provide better traction. By 1840 the locomotive had already acquired the horizontal fire-tube boiler with a rectangular firebox at the rear that remained standard even though modifications steadily refined it. In 1869 young George Westinghouse filed the first of what eventually became 103 patents pertaining to an invention that would transform train operations: the air brake. Three years later he introduced an automatic version that historian Alfred Bruce called “a landmark in the history of technology.” Westinghouse’s air brake demonstrated in fact what seemed absurd in theory: that a large train could be safely and effectively stopped by the use of compressed air.26

Since locomotives worked in a wide variety of terrains, designers came up with more specialized versions to supplement the popular 4-4-0 American. By 1850 they had introduced a variety of new and larger types, some of which remained in use for both passenger and freight service into the 1920s. By the late nineteenth century the basic steam locomotive had become relatively stable in both design and construction. Then came a steady stream of new types that dominated the new century, each of them designed for some specific kind of task or terrain, such as mountains. In 1941 the gallery of ever larger locomotives culminated with the two most powerful articulated steam locomotives ever built: the gigantic 4-8-8-4 Union Pacific “Big Boy,” and an enormous 2-6-6-6 type built for the Chesapeake & Ohio Railroad.27

Historian John H. White has argued persuasively that American locomotive construction in the nineteenth century was marked by “conservatism and steadfast resistance to the acceptance of novel or ‘new-fangled’ designs.” Builders, faced with a soaring demand, wanted above all else a model that would provide good service and not break down. The basic components for such a machine came together by the early 1830s, and the 4-4-0 emerged as the version best suited to provide a wide range of uses reliably. To increase power, builders before 1900 had only to enlarge the boiler and cylinder size or raise the steam pressure. But as railroads confronted a growing variety of terrains and service demands, designers produced new types of engines to meet more specific needs. They also engaged in a continuous quest for more economical operation and fuel economy.28

Although the basic elements of the steam locomotive—the boiler, frame, driving wheels, and trucks—remained nearly the same during its lifetime, other changes vastly improved its operation. For decades engines could only be reversed by the engineer pulling mightily at the reverse lever known as the Johnson bar. As the locomotives grew larger and harder to reverse, the Johnson bar finally gave way to a pneumatically operated power reverse gear early in the twentieth century. Growth also strained the ability of the firemen to shovel enough coal to generate the needed horsepower until the first mechanical stoker, using a steam-jet overhead feed system to distribute coal, appeared around 1912. This system overcame the limitations imposed by hand firing and eventually increased horsepower by 400 percent, making possible even larger locomotives. It also enabled engines to burn lower-grade coal, of which the United States had huge deposits. Compound cylinders were introduced during the 1880s only to be superseded around 1905 by the superheater, which improved heating efficiency by 45 percent.29

The number of steam locomotives on American railroads did not peak until 1924, when about seventy thousand engines were in service. The breed ruled the railroad world until the 1950s, when nearly every company launched programs to replace them with the much more efficient electro-diesel locomotive. Here, as elsewhere, steam gave way to electricity, but this change should not obscure the revolutionary role played by the steam locomotive. It was the most important technology of the nineteenth century after the steam engine itself.

No other device did more to reshape American life in so many areas until the coming of the automobile in the next century. The railroad literally created inland America and, to a large extent, urban America. It became the nation’s first big business and for more than a century remained its biggest business. In hastening the settlement of the interior, it created cities and towns where none had existed. In the process it routinized the movement of goods and people as nothing had before. Its voracious need for capital virtually created the American securities market and did much to make New York and Wall Street the financial hub of the nation.30

The railroad connected rural America with distant points and enabled goods to flow to markets they had never before reached. It did this by lowering the cost of transportation and by facilitating the settlement of remote regions. Resources that were once unreachable developed into large businesses. The construction of railroads gave rise to a host of new enterprises and dramatically boosted the output of existing industries, most notably iron and steel. Construction also developed into a major industry thanks to railroad work. As the first big business, the railroads were the first to utilize the corporate form and to tackle a host of problems connected with running a large operation over a far-flung landscape. They were the first business to deal with unions and the first to undergo government regulation. They had to devise new forms of organization, new methods of accounting, new ways of raising large amounts of capital. In these and many other areas, the railroads pioneered in the development of corporate structures that later became standard in the business world. They set the stage for the coming of the corporate economy and corporate society.

The locomotive made all this possible. It was literally the power behind the throne of American economic development. Even more, it became the cultural symbol of the age for millions of Americans, the machine that best expressed the essence of their time. Walt Whitman felt its power and celebrated it in his “Passage to India”:





I see over my own continent the Pacific railroad surmounting every barrier, 
I see continual trains of cars winding along the Platte carrying freight and passengers, 
I hear the locomotives rushing and roaring, and the shrill steam-whistle, 
I hear the echoes reverberate through the grandest scenery in the world.





STEAM HAD CONQUERED both land and sea. Just as the steamboat filled the western rivers, so did new and larger steamships ply the oceans. Sea travel posed a greater challenge because of the length of the voyage and the amount of fuel required for it. In his river wars with Fulton, John Stevens devised innovations for his boats that proved to be harbingers of ocean travel as well. The steamboat he built in 1804 had not only a direct-acting high-pressure engine but also two remarkably advanced features: a tubular boiler and twin screw propellers. Both anticipated later developments; the screw propeller would not be appreciated until John Ericsson brought it into general use thirty years later. Transatlantic steam navigation began in 1819 when the Savannah sailed from that city to Liverpool in twenty-six days. Although the ship was outfitted with steam machinery and paddlewheels, it also carried a full rig of sails. The engines saw duty on eighteen days of the crossing, with the sails providing power the rest of the time. From Liverpool the Savannah went on to several Baltic ports and St. Petersburg, Russia, before heading back to New York.31

Despite the success of the Savannah and a few other ships—one steamer made it to India in 1825—many authorities continued to regard ocean travel under steam as impracticable, mostly because of the fuel dilemma. In 1838, however, two ships demonstrated the feasibility of steam-powered transatlantic travel. The Sirius, a 700-ton ship of 250 horsepower, left Cork on April 4, while the 1,340-ton Great Western, generating 450 horsepower, sailed from Bristol four days later. Both ships reached New York on the same day, April 23, arriving to a fanfare of cheering dockside crowds, dipping flags, and boats filling the waters around them. The Great Western, carrying 660 tons of coal and only seven brave passengers, cut the usual crossing time for a packet ship in half. After a successful return trip the Sirius was deemed too small for transatlantic work and moved instead to a run between London and Cork. The Great Western, however, made seventy passages across the Atlantic during the next six years, averaging 15.5 days heading west and 13.5 days sailing east.32

A new age of Atlantic travel had dawned. Other ships were designed especially for the service. The Cunard Line began life in 1840 with four ships plying the Liverpool–New York route. By the late 1870s the company had eighty vessels on the route, some of which made the crossing in as little as eight days. None of them rivaled the monster Great Eastern, which became the largest and most notorious ship of the century. Begun in 1854 and completed five years later, the Great Eastern stood 680 feet long, 83 feet wide, and 58 feet deep. It boasted four paddle and four screw engines that together generated 10,000 horsepower. Unlike horses, however, these engines had to run twenty-four hours a day for several days. The boilers supplying the paddle engines alone had more than an acre of heating surface; those for the screw engines were even larger. The ship could carry four thousand passengers, but hard luck dogged its entire career. The Great Eastern never earned its keep as a passenger vessel; its claim to fame rested largely on carrying and laying the huge transatlantic cable in 1866.33

As steam engines on land and sea alike grew larger and more powerful, they shared a common appetite for fuel. Both locomotives and marine engines first consumed wood at a voracious rate until even the seemingly inexhaustible American forests began to vanish from all the demands made on it. Increasingly users turned to coal for fuel, but coal varied widely in type, quality, and cost as well as chemical composition. The cost of fuel was a major component of overall costs, not only for ships and locomotives but for textile mills as well. In all three areas the primary goal became the quest for engines that produced the most power as efficiently as possible utilizing the cheapest available fuel. The rapid spread of the steam engine, not only in number but in varieties of use, intensified the demand for cheap, efficient fuel to the point where fuel emerged as the linchpin of the power revolution, which in turn acted as the driving force behind American industrialization. As historian Alfred D. Chandler, Jr. has shown, these relationships underwent a profound transformation with the opening up of the great Pennsylvania anthracite coal fields in the early 1830s.34

Americans came late to their vast stores of anthracite, or “stone coal,” because it was both unfamiliar and inaccessible. Most of the great fields lay in rugged, mountainous country far from navigable waters. Unlike bituminous, or “soft,” coal, it was almost pure carbon, burned with a tiny blue flame, produced intense heat with hardly any smoke, and was so difficult to ignite that many people who lived around it doubted that it could even be burned. Its use required a learning curve that consumed more than a decade before enough demand arose to make mining profitable. Then the problem became finding ways to get at it and transport it cheaply to market. The completion of three coal canals by 1832 enabled anthracite to reach northeastern markets and sent production soaring. Where output totaled only 9,000 tons in 1823, it jumped to 209,600 tons in 1830, 678,500 tons in 1835, more a million tons in 1837, and 3.3 million tons in 1847. As the supply increased, the price fell from about $7.50 a ton in 1830 to below $4.00 a ton by 1842.35

The availability of cheap, high-quality coal in steadily increasing quantities triggered a sea change in the structure of several key American industries. It had an immediate effect on the nascent iron industry, which still depended largely on charcoal or bituminous coal for fuel. Anthracite was far more economical and efficient than either one and had no sulfur or other fumes to contaminate the iron. During the 1830s and 1840s ironworks concentrated increasingly in central Pennsylvania to be near their source of fuel. Large mills utilizing steam power came to dominate every phase of iron manufacturing. By 1849 eastern Pennsylvania alone boasted more than sixty blast furnaces; that figure doubled in only four years. The average Pennsylvania anthracite furnace in 1849 had eighty workers and a capital of $83,000. The price of iron dropped steadily, and cheap fuel remained the primary reason.

As the supply of American iron became cheap and plentiful, it enabled entrepreneurs to organize factories for producing finished metal goods in large quantities. These ranged from guns to pots to tools of all kinds. The growth of large metalworking firms spurred the rise of the crucial machine tool industry. So too did cheap fuel encourage other industries that required heat for their production process, most notably glass and paper, to develop and expand operations. Steam power became far more affordable for these enterprises and for the nation’s dominant industry, textiles. Cheap fuel enabled textile factories to replace water power with steam engines. When Samuel Slater of Rhode Island decided to outdo the water-driven mills of Massachusetts in 1828, he became the first to use steam power for his machines. From the beginning he relied on anthracite coal to fuel his engines. Other manufacturers soon got the message, and steam-driven mills began appearing in Rhode Island and throughout New England. Rhode Island’s three steam-powered mills in 1832 mushroomed to twenty-nine in six years.

Through this chain of interacting factors, the factory system that came to characterize much of American production spread beyond textiles into one new sector after another. No industry was more central to industrialization than iron and steel, which depended utterly on the steam-driven power that cheap, efficient fuel made possible. The fast-growing railroad industry relied heavily on the availability of cheap iron and steel; at the same time its large purchases spurred the growth of the iron and steel industry. In sector after sector growth was made possible by the increasing use of machines, all of them powered by steam. Their use extended even to the farm, where labor was usually as scarce as it was sorely needed. As early as 1812 that versatile if erratic genius Richard Trevithick had built small machines for threshing and grinding corn as well as sawing wood. “It is my opinion,” he predicted, “that every part of agriculture might be performed by steam.”36

In the young United States, farmers and planters starved for labor looked early to the steam engine for help. A survey in 1838 listed 1,860 stationary steam engines in the nation. Most of those in the Northeast did industrial work, while those west of the Appalachians drove sawmills and gristmills. Most of the 585 engines in the South did service in plantation mills, grinding sugar, ginning cotton, threshing wheat, and threshing or pounding rice. Once in place, plantation engines often took on other tasks such as driving gristmills, sawmills, straw cutters, corn mills, and cob crushers. The early cotton gins, operated by hand crank or foot pedal, enabled a worker to clean about 40 pounds of cotton a day. With a steam-powered gin three men could clean anywhere from 1,000 to 4,500 pounds a day. The 1838 survey noted that slaves operated most of these southern engines.37

As the Midwest began filling up with settlers eager to grow grain on ever larger farms, inventors like Cyrus McCormick and Obed Hussey eased their labors by creating mechanical reapers and mowers. Other inventors devised a variety of threshers, cultivators, drills, harrows, and other machines. All of these labor-saving devices relied on horses, mules, or oxen for power. Threshing machines posed especially difficult problems. To get enough power for efficient threshing, inventors came up with “sweep-power” machines that utilized eight to fourteen horses and a complicated gearing mechanism. Since these rigs were expensive to build and maintain, farmers often pooled their funds to buy one. Gradually some acquired a machine and went into the business of threshing grain for neighboring farms. Thus arose the custom thresherman who roved from farm to farm plying his specialized trade.

Although these developments eased the work of farmers, they all relied on animal power. The stationary steam engine was too cumbersome and heavy for field work. A portable engine was needed to bring steam power to the farm. In 1849 A. L. Archambault of Philadelphia built the first portable engine intended specifically for agricultural use. Within a short time other engine builders added portable versions to their line for farm use as well as for gristmills and sawmills operating away from a source of water power. Enthusiasts rhapsodized over the possibilities they offered. “Agriculture by steam!” proclaimed an 1856 Indiana report. “What a change! . . . Indeed, it looks as though the ancient curse had been lifted from man.”38

But the use of steam came slowly to the farm. During the 1860s and 1870s new inventions like the middling purifier greatly improved the flour-milling industry. The spreading railroad network made it easier and cheaper to get large crops to market. As more and more acreage came under cultivation, the enlarged harvests strained the ability to thresh it all quickly enough. A horse-powered rig could thresh three hundred to four hundred bushels a day, not nearly enough for many crops. Farms had simply outgrown both the threshing machines and the power to operate them. As one custom thresherman put it, “These small threshing machines are wasting our time. We must have larger machines to do the job right.” Manufacturers responded by producing machines that could thresh nine hundred bushels a day, but no more than fourteen horses could be hitched in teams to any machine, and they wore out quickly under this harsh labor.39

Portable steam engines were the obvious answer, but some farmers feared them. “Our so-called plain common sense practical farmers have so perfect a mortal dread of a steam engine for farm purposes,” observed one farmer contemptuously; “they look upon it as a thing of destruction. Fire and water and the dreadful explosive effects of steam are terrors to which they are not easily reconciled.” Certainly early versions of these engines, fizzing steam through leaky valves and belching black smoke, did not inspire confidence among the uninitiated. A wary farmer feared not only death or injury but a disastrous fire that might wipe out his home and farm. Even so, need bordering on desperation drove many to acquire a steam engine even though it cost about $1,000 for a 10-horsepower version. The arrival of the first engine in a rural community often became an event that drew a crowd of curious spectators.40

Between 1885 and 1914 steam engines transformed agriculture as they had the industrial sector. Self-propelled versions resembled miniature locomotives and eliminated the need to haul the engine from one place to another by wagon. These steam traction engines appeared just as innovative new types of farm machines like the combine came into use. Over time the engines grew larger, more refined, and more reliable. Steam power on the farm reached its peak between 1905 and 1914 and did not fade away until the mid-1920s, when the ubiquitous gas-powered tractor began to replace it. Between 1900 and 1914 J. I. Case, the largest manufacturer of agricultural steam engines, produced 24,032 of them. In 1905 no fewer than thirty-seven companies together turned out about 7,500 steam traction engines. The immense increase in agricultural output and farm productivity during the late nineteenth and early twentieth centuries owed much to the growing role played by steam power on the farm.41

AS THE STEAM engine spread into more areas of American life, it underwent constant refinement. The incessant demand for more power kept constant pressure on the builders of steam engines to produce bigger, more powerful, and more efficient versions. Improvements in one aspect of the engine inevitably led to refinements in related aspects. The spread of high-pressure engines with their increased boiler pressures spurred the development of improved boiler designs such as the water-tube type pioneered by George Babcock and Stephen Wilcox. By the time of the Philadelphia Centennial, the water-tube boiler had largely replaced the older fire-tube, or cylindrical, designs. Another innovation, the compound engine, utilized two cylinders to make the engine run more smoothly and efficiently. Taken together, these and other developments pointed up the weakness of one component that had not been markedly upgraded: the valve gear.42

Although the older slide valve had been improved over time, it grew increasingly inadequate to serve newer types of engines. Its shortcomings were several, chief among them being its slowness in opening and closing. The need was for a more efficient type of valve with an automatic cutoff that could handle fluctuations in load and boiler pressure while permitting a maximum amount of expansion under all conditions. It was here that George Corliss made his first outstanding contribution. Having completed his first engine in 1848, Corliss received in March 1849 a patent for “certain new and useful improvements in Steam Engines.” The most important of them dealt with innovations in the valve gear for a beam engine. Among other things he set the governor to control the point of steam cutoff, which enabled him to regulate the engine’s speed by “the amount of steam admitted at full boiler pressure and its subsequent expansion.”43

Corliss had invented the automatic cutoff valve, but it took several years of refinement to perfect it. Acceptance came slowly in Great Britain, where many businessmen harbored a suspicion of American inventions, but gradually it became the standard on most American and many British engines. Corliss gained a reputation as the best-known engine builder in the United States, especially after the Philadelphia Centennial. A shrewd businessman, he not only manufactured engines and boilers but sold licenses to other builders as well. Inevitably other builders sought to imitate his work and embroiled him in the usual unending stream of patent litigation. When his patents expired in 1870, a host of other manufacturers built “Corliss” engines, which only added to his reputation as the dominant figure among American engine builders. By 1903 some thirty American companies manufactured their own version of the Corliss engine. Although higher boiler pressures and increasing speed eventually rendered the Corliss valve gear obsolete, Allis-Chalmers continued to advertise its heavy-duty Corliss engines as late as 1925.44

The Corliss engines were efficient and reliable, but they also tended to be large, heavy, and expensive. Increasing the output of some machinery required a smaller, cheaper engine running at higher speeds. Two American inventors, John F. Allen and Charles T. Porter, combined their talents to produce such an engine, which amazed visitors at the 1862 International Exhibition in London. Their single-cylinder horizontal engine drove cotton and woolen looms at 150 revolutions per minute (rpm), about three times the speed of other mill engines. It featured a new type of valve invented by Allen and two crucial innovations by Porter: an ingenious new type of governor and a rigid frame that allowed the engine to be almost entirely self-contained. Their engine found extensive use in rolling mills and other applications utilizing high-speed machinery.45

Like so many other American inventors, Porter began life in another profession, in his case the law. Approaching the age of thirty, settled and with a family, he abruptly quit the law and turned to engineering. The Watt governor still dominated the control of steam engines when Porter saw that it would not do for engines running at higher speeds. His version met the requisites for a governor so perfectly that Scientific American declared in 1858 that it left “nothing further to be desired.” His manufacture of governors led him to the more daring challenge of creating a high-speed engine. This ambition brought him into association with Allen, an uneducated operating engineer. Improved versions of the engine shown in 1862 went on display in Paris five years later and in New York in 1870. Meanwhile, Porter made the rounds of machine shops searching for new ideas. For three years, 1873–76, he stopped producing the engine while he incorporated new improvements. The Porter type of engine, like the Corliss, did not reach its peak production until the first decade of the twentieth century.46

American inventors also pioneered in another crucial area: the transfer of power from the engine to the machines it operated. The usual way of distributing power from a waterwheel or steam engine to the rest of the machines in a textile mill was through an elaborate combination of gears and line shafts. This cumbersome arrangement was noisy and inefficient and required constant maintenance. Early American mills utilized this system until 1828, when a new Appleton Mill in Lowell, Massachusetts, substituted belting in place of the gear drive to hitch the waterwheel to the other machines. Wrapped around a drum driven by the waterwheel, the broad flat leather belt traveled along guide pulleys to every floor of the mill, where it passed around other pulleys on the line shafting. This belt or rope drive ran far more smoothly and quietly, cost less, and was much easier to install and repair. Other mills took up the new system, which soon became a primary distinction between American and English mills.47

THE GOLDEN AGE of steam power extended from the 1830s through the 1870s. During that time the steam engine remained the primary source of power in such basic fields as transportation and manufacturing. After 1880 the steam engine continued to dominate, but it faced competition from a new source of power that would ultimately subsume it: electricity. Even then steam power did not disappear but rather became subordinate by providing power for the generators that created electric power. It also continued to power factories and mills into the twentieth century until electricity developed the capability to replace it. Yet another challenge to steam’s supremacy loomed in the form of the newfangled internal combustion engine, which Nikolaus August Otto had first introduced commercially in 1876. The superiority of the gas engine was so obvious that some engineers regarded steam as hopelessly out of date.48

But steam power was far from dead or even dying. At the century’s end it still ruled travel over land and sea, and it still powered most of the machines that manufactured products. As the electrical age dawned, it did not push steam aside so much as redefine its role. The largest reciprocating engines ever built went to provide power for one of New York City’s Manhattan Elevated railways in 1898. Edwin Reynolds of Allis-Chalmers designed the 10,000-horsepower engines in a compact layout that came to be known as the “Manhattan.” They were used to power a single generating station that produced 60,000 horsepower to service an entire fleet of trains. The engines did so well that three years later the city’s IRT line ordered a set to run its own trains. By that time a new and more efficient type of steam engine had begun to render the reciprocating engine obsolete.49

The turbine differed radically from the reciprocating engine in that it created energy by forcing steam through jets rather than by the action of steam pressure on the piston of an engine. It promised far greater thermal efficiency in an engine that was much lighter, more compact, and used less fuel. However, it was also a precision machine that frustrated inventors who lacked the tools and technique to create it. Crude versions of the turbine can be found as far back as the second century B.C., and Richard Trevithick devised a “whirling engine” among his many achievements. But Trevithick realized that he lacked the means to drive it at the high speed required for economic performance. An American inventor, William Avery, patented an early version of the turbine in 1831 and sold his engine to sawmills. One was even tried in a locomotive, but another half century of experiments passed before practical turbine engines became a real possibility for commercial use. When they did finally appear, they gave the steam engine a new life as well as a new role. It became the primary power source that made possible the breathtaking expansion of the electric revolution.50
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