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Globalization Waves and Their Prime Movers

. . . the new regime of the seas provoked a growing primacy of the Far West over other civilizations of the earth. . . . The circulation of ideas . . . took on a new pattern and velocity.

—William H. McNeill, The Global Condition

The phenomenon of globalization—the planet-spanning process of economic exchanges and information links, of complex flows of social and political influences, and of unprecedented environmental consequences—has been examined from many perspectives, with results ranging from highly arguable claims to insightful observations. The search for historical precedents has led to indefensible claims (such as Jack Weatherford’s 2004 conclusion that Genghis Khan was a thoroughly modern man who was committed to global commerce) and to simplistic misreadings of complex historical, social, and economic realities (such as Thomas L. Friedman’s 2005 exaggerated claims of a flat world). Among the most valuable contributions have been the examinations of links between economic globalization and planetwide environmental impacts, above all the process of anthropogenic climate change that encompasses a complex realm of causes and feedbacks (Alley et al. 2007).

But one approach has been rather conspicuously missing from these examinations—a focus on those techniques that have made this remarkable process possible. How have we arrived at the point of moving among the continents billions of tons of fuels, ores, cement, fertilizers, and feed- and foodstuffs and an enormous variety of industrial goods comprising ever-changing myriads of specifications and amounting commonly to tens of thousands and in some cases (most notably cars) even millions of tons per particular product? How it has come about that we can fly from virtually any place that has an airport with a runway long enough (at least 2.5 to 3 km) to accommodate large Boeing and Airbus jetliners to any other similarly equipped place anywhere on the planet often within just sixteen and mostly within twenty-four hours?

How have these realities affected the performance of modern economies, and how have they shaped the course of modern history? How have they changed the extraction and trade of basic natural commodities, and how have they influenced the location of manufacturing and exports of finished products? What have been the major benefits and (often counterintuitive and intractable) drawbacks of this planet-scale transformation? A fundamental way of answering these questions requires first looking at the prime movers—the machines that convert naturally available (primary) energies into the mechanical power that is used to energize fleets of ships and airplanes (and also trains, trucks, and barges) and to compress the liquids and gases that are transported by pipelines, then contrasting their performance with the capabilities of their less effective predecessors, and, finally, outlining the principal consequences of these developments.

This mode of inquiry is one segment of studying history’s grand sweep as a continuous (but unevenly progressing) transition to new prime movers—their invention, introduction, perfection, diffusion, and eventual displacement by more efficient, more reliable, and more affordable alternatives (Smil 1994, 2005, 2006, 2008). The greatest reward of this approach is that it informs us about the most fundamental physical determinants of the globalization process, as the dominant prime movers clearly delimit the cost, volume, speed, and reliability of transfers and trips whose aggregate forms the web of economic and human interactions on the global scale.

Civilizations that relied primarily on muscles and a few simple mechanical devices of limited power capacities and inherently low conversion efficiencies (that is, all premodern societies—from the earliest kingdoms of the Middle East to the city states of Italian Renaissance and the contending powers of the early modern Europe) had a greatly circumscribed scope of possible action and a distinctly slower tempo of life than their successors, which command increasingly more efficient and more reliable high-capacity prime movers. In turn, by extending this inquiry into the multifaceted economic, social, political, and environmental impacts of these technical innovations, we can better understand their possible future development and the need and timeframes of their modifications or displacements.

Creating One World

I have to make first a brief definitional detour. One of the most irritating attributes of the modern discourse of complex matters (whether they are political, economic, or environmental) is that many commonly used terms are left undefined, as if everybody were automatically on the same cognitive wavelength. As a result, we get such dubious designations as sustainable development (sustainable on what time scale?) or American empire (what is an empire?). The adjective global is, unfortunately, one of those undefined terms (Smil 2008). Its most logical primary use should be reserved to describe those natural processes that operate on a truly planetary scale and that subject every place on earth to its effects. The best examples are atmospheric circulation (a planetwide, climate-shaping process that is energized by solar radiation) and plate tectonics (the incessant grand reshaping of the earth’s crust that is driven by the planet’s internal heat).

But most of the time the adjective global is used not to describe true planet-spanning phenomena but merely to describe events and occurrences that are encountered on all continents (or in all oceans) or are experienced by all societies but that are not spatially continuous and hence do not have a truly global presence. Excessive soil erosion and problems with invasive species are excellent examples of this usage, as is the talk about a global increase in income inequality or a global challenge of effective health-care management. Global economy and global trade are terms that use the adjective’s second meaning. No modern country can be economically autarkic, and improving quality of life has been predicated on intensifying trade in goods and services—but economic globalization surely does not have the all-encompassing reach of global atmospheric circulation or global plate tectonics.

At the same time, it is a fascinating reality (and one with far-reaching environmental consequences) that the globalization of trade and travel has been creating networks of such an extent and intensity that some regions of the world that had previously remained largely unaffected by human action and that are far away from any major concentrations of people and economic activity have been transformed into busy corridors—or into unexpected repositories of waste. By far the best example of the first transformation is the North Pacific, a vast region that had until recently experienced little human intervention The region is now being overflown daily by hundreds of airplanes traveling between North America and Asia (fig. 1.1), and its waters are constantly crisscrossed by fleets of container vessels that bring Asia’s manufactures to the world’s largest import market. The North Pacific’s Central Gyre, with its massive accumulation of plastic debris (Moore et al. 2001), exemplifies the second case.

And yet another qualification is needed—one that addresses the semantics of modern historical discourse. Although globalization has created a world system of connections, relations, and interdependencies, historians do not agree about the onset of this process and have been using some questionable terms to distinguish its stages. According to the standard Western (and hence Eurocentric) historical narrative, the creation of the world system began only some five hundred years ago, in 1492, which ushered in the great European voyages of long-distance discovery and the beginning of ceaseless capital accumulation after 1500 (Jones 1981; Hall 1985; Wallerstein 1974, 1979; among many others).
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Figure 1.1

Jet engines changed the northernmost Pacific Ocean—which was previously one of the world’s most isolated regions—into a major transportation corridor. Every day, many great-circle flights from North America to northeast Asia pass above the Bering Sea. Routes from San Francisco, Seattle, and Vancouver to Tokyo, Seoul, Beijing, and Shanghai are plotted on the gnomonic projection centered on the North Pole that shows great-circle routes as straight lines.

Andre Gunder Frank challenged this view by offering his “humanocentric alternative” and arguing that the contemporary world system has a history of at least five thousand years (Frank and Gills 1993). According to this definition, some kinds of globalization are as old as recorded history itself, and Cunliffe’s (2008) examination of European prehistory shows that the existence of significant longdistance trade connections could extend that span even further. Although the archeological and historical evidence of well-organized and far-reaching interregional commercial exchanges is undeniable, such activities cannot be considered economic globalization.

Wallerstein used the confusing hyphenated term world-systems for interactions that do not have to be worldwide and that comprise the largest units of measurement still seen as coherent. The world of antiquity or the late Middle Ages thus had a number of world-systems. Similarly, Braudel (1985) differentiated between the unhyphenated world economy (an expression that he applied to the whole world) and the hyphenated world-economy (which for him encompasses only a fragment of the world and forms an economically autonomous section). In contrast, Frank used the unhyphenated world system for describing variously sized areas of interaction throughout what he calls Afroeuroasia that clearly did not take place on a global scale.

I have taken this semantic detour to make clear where I stand in my approach to globalization. Although the antique origins and subsequent transformations of considerable economic interactions across relatively large areas are historic truisms, the origins of planet-spanning networks go back only half a millennium. This era of relatively low-level globalization that began in the sixteenth century but whose impact became notable in the seventeenth and eighteenth centuries—Hopkins (2002) and Bayly (2004) label it protoglobalization, as opposed to the antique and medieval archaic globalization with its multiple regional centers—was followed by the first modern (and in many ways, quite limited) wave of nineteenth-century globalization that came to its end after World War I and whose relaunching was thwarted by the great economic crisis of the 1930s. Finally, the two prime movers whose history, diffusion, and impacts are examined in this book enabled the third (and astonishingly comprehensive and intensive) wave of global interaction and integration, and the great global recession that began in 2008 has made some commentators wonder if we are nearing its end.

The event that demonstrated the possibility of a truly global interaction of people and commercial activity was hardly a brilliant success. On September 20, 1519, Ferdinand Magellan (Fernão de Magalhães, a Portuguese captain in the Spanish service, where he was known as Hernando de Magallánes), left Spain in the command of five ships and 234 men to circumnavigate the world (fig. 1.2). In April 1521, he was killed on Cebu (in the Philippines). On September 6, 1522, Juan Sebastián Elcano, a Basque navigator, arrived in Spain after a journey of more than 20,000 km. The only surviving ship of that small fleet, the Victoria, carried just seventeen other men (and had spices loaded in the Moluccas in its hold) (Vial and Morente 2001). Carlos V gave Elcano a new coat of arms with a ribbon circling a globe inscribed Primus circumdedisti me, but the great captain had little time to enjoy his epoch-opening exploit: he died on another intercontinental voyage just four years later.
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Figure 1.2

An 1810 engraving of Ferdinand Magellan (Fernão de Magalhães) and the route of the earth’s first circumnavigation by the Victoria (1519–1522) (Magellan’s portrait is available from the Library of Congress).

Within a century after this heroic (and tragic) proof of circumglobal navigation, there was a steadily increasing trade—in spices (light and pricey and hence suitable for long-distance exports) and cocoa, coffee and tea, fancy manufactures (porcelain and silk), unique raw materials (indigo and lac), and precious metals (silver and gold)—that connected Europe with the Americas, Africa, Asia, and Southeast Asia. The Honorable East India Company (it was incorporated on the last day of 1600) sent out its first ships in 1608 and set up its first Indian factory in Surat in 1615, and the Dutch Verenigde Ooostindische Compagnie (also known as the United East India Company), established in 1602, chose Batavia as its Javan capital in 1619. The two enterprises became the two greatest enablers of this new web of commercial exchanges (Lestock 1971; Gaastra 2003; Cook 2007).

The global nature of these interactions is perhaps best demonstrated by a chain of trades centered on the era’s most prosperous economy—the China of the late Ming and early Qing dynasties. A strong expansion of manufacturing and commerce in China generated a huge demand for silver that was further supported by a state tax that was payable in the metal. This demand was met primarily by large-scale mining of silver in Spanish America and its transfer, via Manila, to China. In turn, this transfer financed the flows of silk, porcelain, and other Chinese manufactures to Europe. A large-scale intercontinental system of trade created by China’s unmatched economic expansion thus tied Europe, the Americas, and Asia (Flynn and Giráldez 1995; Frank 1998).

On a personal level, these exchanges were manifested in Europe by an increasing accumulation of possessions made in different parts of the world. The homes of wealthy Dutch and English merchants were the first ones to display paintings, maps, globes, rugs, tea services, musical instruments, and upholstered furniture brought from distant countries (Mukherji 1983). These commercial activities intensified considerably during the eighteenth century as European discoveries came close to completing the map of the earth’s oceans. Before the century’s end, James Cook (1728–1779) became the first European to land on the eastern coast of Australia (1770), to stumble onto the Hawaii Islands (1778), and to map the Pacific Northwest coast all the way up to the Bering Strait (Low 1906; Thomas 2003) (fig. 1.3).

By the time that a new, post-Napoleonic order became established in Europe in 1814, all major islands and all great sailing passages (except for the seasonally frozen Arctic route from the northwestern Atlantic to the Bering Sea) were open for further exploration, commerce, and human interaction. By that time, the houses of affluent European families contained items from China, Japan, India, the Middle East, and parts of Africa and the Americas. Long-distance trade had also brought new consumption habits, and coffee, tea, and cocoa became widely sought after drinks. Although the overall volume of intercontinental trade remained small in absolute terms, its expansion proceed fairly rapidly. Maddison (2007) estimated that between 1500 and 1820, world trade grew by nearly 1 percent per year (that is, doubling every seventy years), three times faster than the growth of global economy.

Sails were the prime movers of this pioneering wave of globalization that began at the beginning of the sixteenth century and lasted for just over three centuries. Sail is a fabric airfoil (a vertical wing) that converts wind’s kinetic energy into the forward motion of a vessel as the air-pressure differences that act on it generate lift and drag forces (Marchaj 2000). The effect can be modeled by resorting either to Bernoulli’s (incompressible flow) equation or to Euler’s equations relating the velocity, pressure, and density of a moving fluid. Even when setting aside the difficulties and risks that are inherent in mounting, unfurling, and trimming those heavy expanses of canvas on tall-mast ships, this was a prime mover with notable limitations. Winds astern created lift that far surpassed drag, and they propelled a ship forward. But with winds on the beam or slightly ahead of it, the force pushing a vessel sideways was greater than the one propelling it forward, and if a ship attempted to steer even closer to the wind, the resulting drag pushed it backward.

The square sails of antiquity that were set at right angles across the ship’s long axis made it possible to sail forward only with the wind directly astern or less than 30 degrees off the course. Otherwise, they had to resort to wearing—changing course by making a complete downwind turn. Medieval square-rigged ships could sail with the wind on their beam (90 degrees), and by the sixteenth century they could travel at an angle of about 80 degrees into the wind. Only the combination of a larger number of loftier and more adjustable square and triangular sails made it possible to sail closer to the wind. Vessels with square sails and triangular mizzens could proceed with the wind at 62 degrees, and those with fore-and-aft rigs (triangular, lug, sprit, and gaff sails) could use winds close 45 degrees. For comparison, the aerodynamic limit that is realized in modern yachts is 30 degrees.
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Figure 1.3

Captain James Cook (1728–1779), in an early nineteenth-century engraving by Nathaniel Dance, and his three great voyages (Cook’s portrait is available from the Library of Congress).

Wind and sails continued to propel many merchant ships during the first era of true commercial globalization, which took place in the two generations preceding World War I. Their most remarkable deployment was on the famous tea clippers, whose sailings between China and England and the United States set new speed records. In 1853, the Lightning sailed 803 km in a single day, at an average speed of 9.3 m/s and in 1890, the Cutty Sark traveled 6,000 km in thirteen consecutive days, at an average speed of 5.3 m/s (Armstrong 1969). For comparison, Roman cargo vessels in the Mediterranean did not travel faster than 2 to 2.5 m/s. But by the time that fast clippers sailed, the era of sailing ships was nearing its abrupt end, and they were displaced by the first fossil-fueled mechanical prime mover—the increasingly powerful, progressively more efficient, but always bulky, heavy, and (even at its best) very wasteful steam engine.

The earliest steam engines had a mass-to-power ratio as high as draft animals (that is, on the order of 1,000 g/W), and their poor efficiencies (Newcomen’s machines built in the second decade of the eighteenth century converted only about 0.5 percent of chemical energy in coal into reciprocating motion) limited their use to coal mines (Rolt 1963). Watt’s improvements (above all, the addition of a separate condenser, which was patented on January 5, 1769) raised the efficiency by nearly an order of magnitude to as much as 3 to 4 percent (fig. 1.4), and the highpressure engines that followed in the early nineteenth century after the expiration of Watt’s patent made the machines light enough for use on railways and efficient enough to power ships that had to carry their own fuel on extended voyages (Smil 1994). Their first maritime applications came in the 1830s, when paddle-wheel-propelled ships crossed the Atlantic (Fry 1896). The first eastward run was in 1833, when the Royal William traveled from Quebec to London, and the first westward run was the race between the paddlewheels Sirius and Great Western in 1838. But even by 1850, the Atlantic was still fully rigged (fig. 1.5).

Two advances made steamships the dominant means of transport and by far the most important prime movers of the second, more concentrated, and more intensive wave of globalization that began before the middle of the nineteenth century and that was abruptly terminated by World War I. First, inefficient and inherently slow paddle wheels were replaced by screw propellers. The first practical ones were tried out by John Ericsson in the United States in 1838 and by Francis P. Smith in the United Kingdom in 1839 and installed on merchant vessels in 1840 (Burgh 1869; Jackson 1920). Second, the rising power and efficiency of steam engines enabled the construction of much more massive ships with metal hulls that could travel faster without increasing their demand for coal. Iron hulls came first in the 1840s, and after the inexpensive steel made in Bessemer converters (introduced in the late 1850s) became widely available, superior all-steel hulls followed in the 1860s. The combination of the best steam engines and steel hulls introduced the age of the giant Atlantic liners of the late nineteenth and the early twentieth centuries (fig. 1.5).
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Figure 1.4

The increasing efficiency of steam engines, 1710 to 1910 (from Smil 1994).

By the century’s end, the largest steam engines were about thirty times more powerful than they were in 1800, their best efficiencies were roughly ten times higher, and their mass-to-power ratios were less than 200 g/W (see fig. 1.4).These engines powered fleets of freight and passenger ships that connected the five continents with regularly scheduled traffic—leisure travel, intercontinental migration, and relatively large-scale, long-distance exports of raw materials and finished goods. Transporting people made a greater difference during this era of globalization than transporting goods. Most of the 60 million emigrants who left Europe between 1815 and 1930 for overseas destinations, above all for North America (Baines 1991), traveled on steampowered ships.
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Figure 1.5

The fully-rigged, steam-engine-powered Atlantic of the Collins Line operated between 1850 and 1858. The Bismarck was launched in 1914. It was ceded to Great Britain in 1922 and sailed as the Majestic of the White Star Line until 1936.

Increasing labor productivity and strong economic growth (averaging globally over 2 percent per year in the two generations before 1914) in Europe and North America brought larger disposable incomes and led to major dietary changes. This rising demand for food (both staples and a greater variety of meat and fruits products) was best satisfied by specialized producers who had a comparative advantage thanks to mild climate or low labor costs. As a result, international trade in foodstuffs began to expand beyond the imports of low-volume luxury items (cocoa, tea, and spices) as soon as the long-distance transportation of bulky commodities (especially grains) and refrigerated meat (from North America, Australia, and Argentina) could be done by the relatively large-capacity steel-hull ships that became common during the 1880s. Yet another important driver of large-scale commercial globalization was the accelerated expansion and maturation of the British empire (Cain and Hopkins 2002).

Maddison’s (2007) data indicate that world trade expanded at an average rate slightly exceeding 4 percent per year between 1820 and 1870 (which was more than four times faster than the growth of world economy) and continued at a strong rate of 3.4 percent per year until the beginning of World War I. Between 1870 and 1913, the share of exports in the total economic product in ten of the most industrialized countries rose by 50 percent (to about 12 percent), and by 1913, the percentage of countries’ gross national product that originated from exports was 25 percent for the United Kingdom, Australia, and Canada and about 20 percent for Germany and Italy (Maddison 1995). This means that some countries were relatively nearly as dependent on exports in 1900 as they are now and that the rising volume of world trade began to narrow national price differentials for agricultural commodities, ores, and metals.

In 1906, the British satirical weekly Punch carried a full-page cartoon depicting a gladiatorial allegory of free trade defeating protectionism (fig. 1.6). This celebration was premature. More than a century later, nations continue to conduct seemingly endless rounds of talks that are designed to eliminate (or at least reduce) major trading barriers, and some of the world’s richest economies persistently retain enormous subsidies for domestic farm products and offer generous tax breaks for resource exploitation or manufacturing. Moreover, there are no indications that these barriers to a truly free trade will end anytime soon, and the global recession of 2008 and 2009 (the deepest one since World War II) renewed concerns about perilous protectionism. On the other hand, expanding international trade has always exacted various human, economic, and environmental costs (ranging from radical transformations of labor markets to uncontrolled air and water pollution) (I address this contentious topic of undesirable consequences in detail in chapter 6).
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Figure 1.6

A gladiatorial allegory of free trade triumphant. The caption is a pun on the Latin phrase police verso (“thumbs down”) (reproduced from Punch, January 24, 1906, p. 65).

Expanding steam-powered intercontinental trade meant that the poor energy-conversion efficiency of steam engines had to be overcome. The operation of those engines required nearly incessant stoking. As Suplee (1913, 306) noted, “there is probably no more laborious and exhausting work demanded of human beings than that required in the stokehold of a great steamship.” Stokers had to work in infernal conditions, and the loading and offloading done by the stevedores was also physically demanding. The expanding trade was carried by relatively small generalpurpose cargo (break bulk) ships that typically had capacities of no more than 5,000 to 6,000 dwts. These ships had to be laboriously loaded and offloaded by small armies of stevedores, who only sometimes were helped by low-capacity steam-powered cranes.

Steam-powered trade was also rather slow. Even the best steam engines allowed speeds of no more than about 15 kilometers per hour. Despite these drawbacks, the importance of these vessels declined only gradually during the first half of the twentieth century, and even during World War II, the single largest group of new cargo carriers were the Liberty-class (EC2) ships that were powered by three-cylinder steam engines (each supplied by two oil-fired boilers) that were rated at 1.86 MW (Bunker 1972; Elphick 2001). These vessels had capacities of 10,500 dwt and sustained speeds of nearly 20 km/h, and U.S. and Canadian shipyards built 2,710 of them to carry military materiel, food, and troops to Europe and Asia (fig. 1.7). After the war, the U.S. Navy sold most of them cheaply as surplus materiel, and they continued to carry commercial cargo into the 1960s.

The third wave of globalization—the post-1945 era of rising interdependence and integration that has made the extent and the intensity of today’s global economy possible—has been physically enabled by two different prime movers—(1) highcompression, nonsparking, internal-combustion engines, which were invented and developed to the point of first commercial applications by Rudolf Diesel (1858–1913) in the 1890s, and (2) gas turbines, whose first successful prototypes were designed by Frank Whittle (1907–1996) and Hans-Joachim Pabst von Ohain (1911–1998) in the 1930s. Understanding the history of these machines and the reasons for their success leads to more than just a better appreciation of the fundamental physical forces behind globalization.

A lengthy process of machine development, commercialization, and diffusion of diesel engines provides perfect examples of gradual technical advances that have received little public attention, that may not be ranked among pivotal modern inventions even by informed professionals, but that have led to epochal shifts in world affairs by creating the indispensable driving forces of the global economy. This book is concerned with the evolution and impact of diesel engines, and readers who wish to explore their technical details should consult the very large volume (more than 1,000 pages) edited by Mollenhauer (2001). Similarly, readers seeking a deeper technical understanding of jet engines should turn to books by Hill and Peterson (1992) and Cumpsty (2003).
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Figure 1.7

Liberty-class ships powered by oil-fired steam engines were America’s principal WWII material carriers. This is a photograph of the refurbished S.S. Jeremiah O’Brien (available from the National Liberty Ships Memorial at http://www.ssjeremiahobrien.org/jobtonormandylarge.jpg).

The massive (mostly two-stroke) diesel engines that power every kind of oceangoing cargo vessels and the gas turbines that propel jet airplanes are fundamentally (that is, in energetic, physical sense) more important to the global economy than are any particular corporate modalities or international trade agreements. The latter can be (and often are) easily renegotiated or abrogated, and the former do not have (as yet) any equally capable substitutes. This conclusion implies no simplistic technodeterminism; it merely states the obvious. The engines are neither the cause nor even a principal cause of globalization. The human quest for a higher standard of living, profits, and power and the human propensities for long-distance trade and exploration have been the key motivating forces. But without the two prime movers, trade would not have achieved its truly planetwide scope or have done so at such massive scales, at such rapid speed, and at such affordable costs.

The widespread commercial adoption of the two engines also illustrates the importance of gradual improvements in efficiency, reliability, high-level performance, and environmental impacts of these now ubiquitous prime movers. Before surveying the advances and accomplishments of the two epoch-making techniques, I should answer two questions. What makes these two internal-combustion engines qualitatively different from their pioneering predecessor—the Otto-cycle, four-stroke gasoline-fueled internal-combustion engine? And why could that engine—one of the most commonly produced complex machines of the twentieth century—not compete in providing the most important transportation functions (trucking, railroad traction, waterborne shipping, and long-distance flight) that are now powered by diesel engines and gas turbines?
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Why Gasoline-Fueled Otto-Cycle Engines Would Not Do

In gas-motor engines . . . an explosive mixture of combustible gas and air is introduced into the engine-cylinder, where it is ignited, resulting in a sudden development of heat and expansion of the gases, a great portion of the useful effect being lost by absorption of heat.

—Nicolaus A. Otto, U.S. Patent No. 194,047 filed July 13, 1876

No technical inventions arise entirely and instantly de novo. A closer look at the history of their development shows often long periods of theoretical gestation or preliminary exploratory experiments or an interaction of both. For decades, such processes may not result in any practical products, but they help to constrain the parameters of eventual viable designs. Eventually, this protracted evolution may bring an entirely new departure—a new class of machines, a new kind of material or compound, or a new process of extraction, conversion, or production. That was the case with the invention (and relatively rapid commercialization) of the first practical internal-combustion engines, which were fueled first by coal gas and, starting in the 1880s, by gasoline. A more common outcome brings inventions that belong to the same family of technical advances as does an original epoch-making design but whose attributes are so different (and in some respects, so superior) that they present unprecedented possibilities and open new horizons. That was the case with Diesel’s engine and with the gas turbine.

Using the standard nomenclature of biological systematics, both of these commonly used machines belong to the same kingdom (regnum) of artifacts. The kingdom of engines includes complex contrivances that are designed to convert the chemical energy of fuels into the mechanical energy of either reciprocating or rotary motion. The other important modern prime movers—hydraulic turbines and wind turbines—are not engines because their operation does not involve any transformation of matter. Engine classification can be based on the working cycle (two- or four-stroke), ignition method (sparking or compression), basic mechanical design (reciprocating or rotary), cylinder arrangements, valve or port design and location (overhead, underhead, or rotary), fuel, fuel-mixture preparation (carbureting or fuel injection), cooling, engine applications (automotive, aero, or marine), and several other considerations (Taylor 1985; Heywood 1988).
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Figure 2.1

The world’s first 1-megawatt steam turbogenerator was installed in 1900 at the Elberfeld plant in Germany (from Scientific American, 1901).

Consequently, the hierarchy outlined below is just one of many classification possibilities as it attempts to proceed from the most fundamental features to less important differences. The kingdom of engines has two distinct phyla—one using external combustion and the other using internal combustion. Steam engines and steam turbines are the prime examples of the first kind; reciprocating steam engine is now only of historic interest, but steam turbines (which receive highly pressurized superheated steam from large boilers) are the world’s most powerful continuously working machines and generate most of the world’s electricity. At the beginning of the twentieth century, these rotary engines rated no more than 1 MW (fig. 2.1) and operated at pressures of just 1 MPa, with steam at less than 200°C and efficiencies of just around 5 percent. Today’s largest units rate more than 1 GW, receive superheated, highly pressurized steam (more than 600°C and over 20 MPa) and convert just over 40 percent of fuel’s chemical energy into electricity (Smil 2003).

All automotive and aeroengines and gas turbines rely on internal combustion. There are two major classes of internal-combustion engines. Hot combustion gases are used either to generate reciprocating motion of pistons in enclosed chambers (nearly all gasoline- and diesel-fueled engines) or to produce rotary motion in unique gasoline-fueled engines that were patented by Felix Wankel in 1957 (Hege 2001) and in all gas turbines. Continuing the taxonomic analogy, the reciprocating internal-combustion engines have two distinct orders of machines—those working with a closed cycle (the most common example is a submarine diesel engine that uses stored oxygen) and those that have an open cycle and discharge their working fluid after a single pass (all automotive and aero engines belong to this category).

Reciprocating engines have two main families—those that work without compression and those that confine their gases under compression. The earliest internal-combustion engines worked without compression and hence with very low efficiencies and with very large cylinders, while all modern engines operate under pressure. The two principal genera of reciprocating compression engines are non-sparking engines and those using an electric spark to ignite the fuel, and two distinct species use either a two-stroke or four-stroke working cycle. Completing the taxonomic analogy, at the subspecies and varietal levels, the internal-combustion engines could be distinguished by the arrangement of their cylinders (in-line, V, radial, opposite, and so on), by the fuel they use (various gases and liquids, with some engines capable using both interchangeably), and by the cooling method (air or liquid).

The diesel engines that power cars, trucks, and ships are thus internal-combustion machines with reciprocating motion and an open cycle, working under compression and without sparking in either a two- or four-stroke cycle that is fueled by medium-density refined liquid fuel. Three distinct features of gasoline-fueled (or ethanolfueled) engines are their fuel ignition by electric sparking, their relatively low compression rate, and their need for the lightest refined liquid fuels. Gas turbines use open-cycle high-compression internal combustion to generate continuous rotary motion, and their most common fuels are natural gas (to generate electricity in stationary application or to power compressors or pumps) or kerosene (a refined fuel that is slightly heavier than gasoline) for aeroturbines (jet engines). In chapter 4, I explain the differences between their two principal varieties—turbojets and turbofans.

A gas turbine is an internal-combustion engine in which fuel introduction, compression, ignition, combustion, and ejection of hot gases do not take place intermittently in sequenced stages (as they do in Otto-cycle or Diesel’s engines) but occur concurrently and continuously in different parts of a machine. But even the most advanced gas turbine owes a great deal to the gasoline-fueled engine. Decades of perfecting those more-than-a-century-old machines have created advances in materials, casting, machining, assembly, electrical and electronic controls, and preventive maintenance that have been of immense help in designing and building the first prototypes and the first practical versions of gas turbines.

But why could the gasoline-fueled four-stroke engine not provide the same services at a comparable level of cost, comfort, and reliability? After all, it is both the most common prime mover of modern civilization and the one with the greatest aggregate installed capacity. There are now roughly 1 billion of these engines installed in cars, trucks, motorcycles, agricultural and garden machines, boats, snowmobiles, and airplanes, and the engines are also used in stationary applications, mainly in power pumps and as back-up and emergency electricity generators. Their aggregate global installed power is nearly twenty times as high as the total power of the largest stationary prime movers—the massive steam turbogenerators that are used in large thermal electricity-generating plants. To understand why this impressive machine has not become the prime mover of modern globalization in mass transport of goods or in long-distance flight, it is necessary first to appreciate the history of gasoline-fueled engines and then to contrast their performance and limits with those of the two competing prime movers.

The Early History of Internal-Combustion Machines

The idea of using hot gas rather than steam as a working medium had been around for nearly a century before the first commercial internal-combustion engines were built during the 1860s. The first conceptual designs go back to the closing decades of the eighteenth century and some serious attempts to build practical prototypes were made during the first half of the nineteenth century (Cummins 1989) The first commercially produced internal combustion engine was patented in 1860 by Jean Joseph Étienne Lenoir (1822–1900), and it betrayed its steam-engine pedigree. It was a noncompressing, horizontal, double-acting machine with electric-spark ignition than ran at just 200 rpm and had an efficiency of less than 4 percent. Nearly five hundred units (rating about 2 kW) were made during the 1860s to power tasks that called for interruptible power, and although Lenoir made a single test (in 1862) of a liquid-fueled version of the engine to propel a three-wheel cart over 18 km, he did not pursue any further improvements after the 1860s.

The four-stroke engine, whose countless permutations came to dominate the vehicular uses and powered the first five decades of flight, had two remarkable and entirely independent origins—one a theoretical design that was never transformed into a working machine and the other a result of persistent incremental innovation by a dedicated innovator. The theoretician was a French engineer, Alphonse Eugène Beau (1815–1893, subsequently known as Beau de Rochas), who patented his idea on January 16, 1862 (Payen 1993). He described the principle of a four-stroke engine powered by a gas-air mixture that is compressed before its combustion without supplying any illustration or referring to any working model. All four-stroke engines follow the sequence of intake, compression, power, and exhaust strokes (fig. 2.2). Beau de Rochas allowed his patent to lapse because of the nonpayment of fees and did not challenge Otto’s four-stroke design when it was first commercialized during the late 1870s. Not until 1884, when a patent attorney unearthed the original 1862 pamphlet, was Otto’s patent contested, and although it owed nothing to the de Rochas design, it lost its German priority in 1886 but retained its British rights.
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Figure 2.2

The four strokes of an Otto/Beau de Rochas cycle, corresponding to the four phases of the pressure-volume diagram.

While Beau de Rochas, a skilled and experienced engineer (and Lenoir’s friend), took no steps to convert his ideas into practical products, Nicolaus August Otto (1832–1891; fig. 2.3), who had no technical background (he was a traveling salesman for a wholesale food company) when he became fascinated with Lenoir’s engine, dedicated himself to designing and commercializing progressively more advanced internal-combustion machines, developed the first four-stroke engine despite the doubts of his experienced production manager (who later went on to make, independently, its first gasoline-powered version), had it promptly patented, and saw it manufactured in large series both in Germany and abroad.
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Figure 2.3

Nicolaus A. Otto, the inventor of two- and four-stroke gas-fueled internal combustion engines (from Abbott 1934).

First he persuaded Eugen Langen (1833–1895), owner of sugar-refining factory, to invest in a new company (N. A. Otto & Cie, formed in 1864) whose first commercial product was a two-stroke atmospheric (noncompression) engine that was patented in 1866 in Germany and in 1867 in the United States (Langen 1919; Sittauer 1972). Otto’s heavy and noisy engine was more than twice as efficient as other gas engines displayed at the Paris Exhibition in 1867, where it won a Grand Prix. Its serial production started in 1868, and four years later the company was renamed Gasmotorenfabrik Deutz AG (named after the Cologne suburb where it was relocated), and nearly one and half centuries later Deutz AG remains one of the world’s leading engine makers (Deutz 2009).

Gottlieb Daimler (1834–1900), an experienced mechanical engineer, became the company’s production manager, and he hired Wilhelm Maybach (1846–1929) to head the design department. Two of the three designers of the first gasoline engine thus gained their experience in Otto’s company. Their new noncompression engine was introduced in 1874 and had an efficiency of about 10 percent, but the tenfold expansion of gas that made this performance possible required a cylinder that was nearly 4 m tall. Although the engine was much heavier (its mass-to-power ratio was about 900 g/W) than the best contemporary steam engines, it sold well not only in Germany but also in France, the United Kingdom, and the United States.

Otto’s aspiration was to build and to patent a compressing engine, and he succeeded doing that by the spring of 1876. The engine’s two innovations were four-stroke operation and stratified combustion. The first innovation soon became an engineering norm, the second one took nearly a century to be commercialized. The idea of injecting air alone before introducing the fuel-air mixture to create a lean charge near the piston and hence a gradual burning of the fuel was adopted in the 1970s to lower the emissions of hydrocarbons and nitrogen oxides in exhaust gases. Honda’s compound vortex-controlled combustion (CVCC, an acronym that gave the Civic its name) engine, introduced in 1973, has been perhaps the most acclaimed form of a stratified-charge engine (Bishop and Jorgensen 1981).

Compression gave Otto’s engine some superior attributes. Its overall thermal efficiency was about 17 percent, while its piston displacement was reduced by 94 percent compared to a noncompression engine of the same power and its mass-to-power ratio was lowered by nearly 70 percent to about 250 g/W, making it lighter than similarly-sized (that is, very small) steam engines. A typical 6 kW (8 hp) machine worked with 2.6 to 1 compression, a 9 to 1 air-to-fuel ratio, a 210 mm bore, and a 350 mm stroke, and it ran at 160 rpm (Clerk 1909). The next critical step, the design and development of a gasoline-fueled engine, also took place in Germany. After he left Otto’s company in 1882, Daimler set up a workshop in a Stuttgart suburb and with Maybach set out to build a powerful lightweight engine that was fueled by gasoline (Walz and Niemann 1997).

This was a superior fuel compared to coal gas. Its energy density (lower heating value) of 33 MJ/L (or more than 43 MJ/kg) is about 1,600 times the energy density of the illuminating gas and its low flashpoint (−40°C) made it ideal for easy starting. By 1883, Daimler and Maybach had a prototype of a high-revolution (about 600 rpm) gasoline-fueled engine with a surface carburetor and hot-tube ignition. Two years later, in November 1885, they used its air-cooled successor to power the world’s first motorcycle, and in March 1886 they mounted a larger (0.462 L, 820 W), water-cooled version of the engine on a standard wooden-wheeled coach and took the first extended ride in 1887 (Walz and Niemann 1997).
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Figure 2.4

Karl Benz. Photograph courtesy of Daimler Konzernarchiv, Stuttgart.

Concurrently and entirely independently, their achievement was matched by Karl Friedrich Benz (1844–1929; fig. 2.4) whose mechanical workshop was located in Mannheim, about 120 km from Stuttgart (Walz and Niemann 1997). Benz developed first (in 1883) a two-stroke gasoline-fueled, water-cooled horizontal engine with electric ignition, and after the expiry of Otto’s patent he designed a four-stroke machine for which he obtained the German patent on January 29, 1886. Unlike Daimler and Maybach, he mounted it first on a three-wheeled carriage that was shown to the public on July 3, 1886 (fig. 2.5). The single-cylinder engine weighed only 96 kg, and it was less powerful (0.954 L, 500 W) and slower (250 rpm) than Daimler and Maybach’s machine.
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Figure 2.5

Benz’s 1886 gasoline-powered three-wheeler, shown on the cover of his company’s first catalog (published in 1888).

Reproduced courtesy of Daimler Konzernarchiv, Stuttgart.

These pioneering developments were followed by a period of steady technical improvements but limited commercial expansion. In 1889, Daimler and Maybach marketed a new two-cylinder V engine displacing 0.565 L and running at 920 rpm. In 1890, they built their first four-cylinder machine, and in 1895, their 4.5-kW engine, with a mass-to-power ration of less than 30 g/W, won the Paris-to-Bordeaux race, averaging 24 km/h over nearly 1,200 km (Beaumont 1902).

The first true modern automobile went on sale in 1901: Mercedes 35 had a powerful four-cylinder engine (5.9 L, 26 kW, or 35 hp) that ran at 950 rpm (Smil 2005). Its weight was reduced to just 230 kg thanks to an aluminum block, and the larger cooling surface of a new honeycomb radiator (still a standard more than a century later) halved the volume of coolant. The engine’s mass-to-power ratio was thus kept below 9 g/W, 70 percent better than the best Daimler design of just five year earlier. Soon after its release, the new car, now considered the prototype of all modern vehicles, set a new world speed record of 64.4 km/h (fig. 2.6).
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Figure 2.6

Wilhelm Maybach’s 1901 Mercedes 35, the prototype of a modern high-performance car. Photograph courtesy of Daimler Konzernarchiv, Stuttgart.

Even at that point, the dominance of Otto-cycle gasoline engines was not assured as steam-driven cars and electric cars were preferred by many drivers (Volti 1990; Smil 2005). But their apparent competitiveness could not last. Steam cars took a long time (up to twenty minutes) to start, and their small boilers could not keep an adequate steam reserve, had a short operating range, and required careful monitoring and manipulation. The future of electric cars looked much more promising because the cars were clean and quiet, devoid of any hot steam or flammable fuel, and easy to start without any need for laborious (and dangerous) hand-cranking. By 1901, Pope’s Electric Vehicle Company was both the largest maker and the largest owner and operator of motor vehicles in the United States (Kirsch 2000) but heavy batteries, limited speeds, and short ranges were the undoing of the electrics, and by 1908, the contest was over with the introduction of Henry Ford’s Model T (Ford Motor Company 1908; Model T Ford Club of America 2008).

Rapid Maturation and the Inherent Limits of Gasoline Engines

The history of sparking, four-stroke, internal-combustion engines is remarkable because of a steep learning curve that transformed the pioneering heavy horizontal machines into increasingly lighter, more powerful, more efficient prime movers that were suitable for mobile applications. This transformation can be revealingly traced by their declining mass-to-power ratios. Comparisons with human and animal exertion and with steam engines (the nineteenth century’s dominant prime mover) illustrate these remarkable achievements. Humans are able to sustain work at the rate of 60–80 W and hence need about 1,000 g/W of useful labor. Draft animals have similarly high mass-to-power ratios, too high to energize the rapid longdistance transport of loads on land or the fast movement of heavy cargoes on water (fig. 2.7).

The first noncompressing coal-gas-fueled internal-combustion engines of the mid-1870s with a mass-to-power ratio of about 900 g/W were as heavy as animate prime movers and much heavier than steam engines of the same capacity. In 1876 Otto’s first practical four-stroke design rated about 270 g/W; by 1890 the best Daimler-Maybach gasoline engine was down to about 45 g/W; in 1901 Maybach’s famous first Mercedes rated 8.5 g/W (Wood 1985); and the four-cylinder engine of Ford’s Model T, introduced in 1908, weighed eventually less than 5 g/W. By the 1960s, the mass-to-power ratio of car engines had stabilized at around 1 g/W (for example, by 1965, the Mustang rated 1.1 g/W, and the Austin Mini 1 g/W), which means that fewer than 10 percent of the total 1890 to 1970 improvements took place before World War I (fig. 2.7).
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Figure 2.7

The mass-to-power ratio of prime movers—from draft animals to internal-combustion engines (based on Smil 2008).

Similarly, reciprocating aeroengines improved rapidly, and their use spread from artisanal manufacturing of a single engine or a few units before 1905 to many thousands of machines in mass serial production by the end of World War I. The engine that powered the first flight was a horizontal four-cylinder (in-line) machine designed by Wilbur and Orville Wright and built by their bicycle mechanic Charles Taylor in 1903 in their workshop in Dayton, Ohio, to deliver 6 kW (8 hp). Its eventual performance was 12 kW, and this and a weight of 91 kg pushed the mass-to-power ratio as low as 7.6 g/W. By 1917 the Liberty, the most popular American engine of World War I, had a mass-to-power ratio just above 1 g/W (Dickey 1968).

World War II brought further improvements: Wright R-3350 radial engines used on B-29 (Superfortress) bombers had mass-to-power ratios of just 0.74 g/W, less than a tenth of the Wrights’ pioneering machine (Gunston 1986). The mass-to-power ratio of Otto-cycle gasoline-fueled engines had thus improved roughly a hundredfold in just forty years, and the expansion of automobile ownership, truck transportation, and commercial and recreational flying attested that these machines were eminently suitable for mobile applications. Even so, these spark-ignited engines had several inherent drawbacks that would make them less than perfect prime movers of a globalized economy and that worked against their adoption for highvolume marine shipping, for long-distance trucking, and for all longer intranational and intercontinental flights.

I begin the list of drawbacks with gasoline, the optimum fuel for Otto-cycle machines. This lightest (with a specific density between 720 and 780 g/L) and most volatile of all refined fuels used to be the least voluminous and hence the most expensive major product of crude-oil distillation. Simple thermal distillation (the separation of oil fractions by heating) of typical (that is, medium-density and heavy) crude oils that dominate the global market would yield only 10 to 15 percent of the charged volume as the lightest fraction. This low yield became a great concern after growing car ownership in the United States led to a rapidly increasing demand for gasoline (between 1907 and 1915 that demand rose fivefold). Without any means to increase the gasoline yield of the refining process, the worldwide extent of driving and flying powered by the lightest liquid hydrocarbon fuel would be greatly restricted.

The first practical way to increase that yield (and lower the cost) was patented in 1913 by William M. Burton (1865–1914), who used the thermal cracking of crude oil (a combination of heat and high pressure) to break heavier hydrocarbons into lighter fractions. A better solution for producing more gasoline arrived soon through catalytic cracking and hydrocracking (Meyers 2004). The first process, patented by Almer M. McAfee in 1914 and commercially available since 1923, worked by heating crude oil in the presence of aluminum chloride, and it boosted the gasoline yield by as much 15 percent compared to thermal cracking.

But this was a wasteful and hence expensive process because the catalyst could not be recovered and reused. In 1936, the first catalytic cracking unit that allowed for the recovery of the catalyst while producing high-quality gasoline was designed by Eugène Houdry (1892–1962). Catalyst replacement and regeneration required a temporary shutdown of the refining operation, a drawback that was solved by Warren K. Lewis and Edwin R. Gililand by circulating the catalyst between the reaction and the regeneration vessels on a moving bed, and even higher yields of high-octane gasoline were achieved when Standard Oil suspended a powdered catalyst in the air stream.

This process of fluid catalytic cracking was later greatly improved with the addition of synthetic zeolites—crystalline aluminosilicates that had a uniformly porous structure and that provided an exceptionally active and stable catalyst for cracking heavy hydrocarbons. The last important innovation came in the 1950s, when the Union Oil Company developed hydrocracking, which combines catalysis at temperatures above 350°C with hydrogenation at relatively high pressures. All of this comes at a cost, and catalytically produced gasolines (mixtures of compounds with four to twelve carbons) became the most expensive commodities of the refining process.

Diesel fuel is a blend of compounds with eight to twenty-five carbons that are obtained by atmospheric distillation (light gas oil that boils between 204 and 343°C) as well as from cuts produced by hydrocracking, fluid catalytic cracking, viscosity breaking, and coking. Its lightest category (U.S. number 1 diesel fuel) is dominated by molecular chains with nine to sixteen carbons, while the heavier fraction (number 2, the primary fuel for diesel engines) has molecules with ten to twenty carbons, and it used to contain two to three times more sulfur than do the lighter distillates. Diesel fuel (or diesel oil) is usually the second most important product of modern refineries. In the United States, it has recently accounted for about 18 percent of the total, compared to 46 percent for gasoline and nearly 10 percent for jet fuel (kerosene). For decades, US diesel fuel used to be less expensive at the retail level than gasoline, an added advantage in operating inherently more efficient diesel engines.

But by the end of 2006, the U.S. diesel fuel was nearly 9 percent more expensive than gasoline (average price for all grades); a year later the difference was 9 percent; by the end of 2008, it was 38 percent, but by the end of 2009 the difference narrowed to just a few percent. This price reversal took place because of the combination of limited U.S. refining capacities, growing worldwide demand for the fuel (mainly because of its rising use in passenger cars in Europe and because of heavy transportation demand for shipping and trucking in China and India), and to a large degree, because of much stricter limits on the fuel’s sulfur content (Energy Information Admin. 2007a). New U.S. Environmental Protection Agency standards mandated that by June 1, 2006, 80 percent of all diesel fuel for highway use had to be ultra-low-sulfur diesel (ULSD) fuel with no more than 15 ppm of sulfur, a huge reduction from the previous limit of 500 ppm of sulfur for low-sulfur diesel.

Retail price of liquid fuels has always been strongly influenced by taxation. For a long time, taxes have been the largest component of diesel fuel price in the United Kingdom, Germany, Italy, Sweden, and Norway, but the fuel has been taxed much less in most other European countries, the United States, Canada, and Japan. Consequently, wherever diesel fuel retains its cost advantage over gasoline, the difference has nothing to do with the inherent qualities of crude oils and the cost of refining but is a result of differential taxation. All of these price comparisons have been based on volume and not on energy content as they ignored diesel fuel’s higher energy density. Molecular weight of compounds making up diesel fuel is roughly double that of hydrocarbons in gasoline (about 200 versus 100 to 105) and their viscosity is five to ten times higher than that of the lighter compounds present in gasoline. The specific density of diesel fuel is nearly 14 percent higher than that of a typical gasoline (820 to 850 g/L 720 to 750 g/L), while the energy density of its constituent compounds is very similar to that of the hydrocarbons that make up gasoline. Consequently, its energy density per volume is about 12 percent higher, almost 36 MJ/L versus approximately 32 MJ/L, both being the lower heating values. The respective higher heating values are approximately 39 and 35 MJ/L (fig. 2.8). This means that a unit of energy in diesel fuel costs less than the unit of energy in gasoline as long as the former is not more than 12 percent more expensive than the latter. It also means that ships that are fueled by diesel fuel could travel (everything else being equal) 12 percent farther than vessels with equally large stores of gasoline. But everything else is not equal because Otto engines are inherently less efficient converters of chemical energy into mechanical energy than are the diesel engines.

Marine diesel engines—by far the most powerful reciprocating machines—are designed to run primarily on residual fuel oil (RFO) known also by such synonyms as heavy fuel oil (HFO), fuel oil number 6, and bunker fuel. These dark brown to black residual oils with a strong tarlike odor are the heaviest of all distillates (with a specific gravity of 0.960 to 0.985 at 15°C), they have more complex composition and contain more impurities than do the lighter distillates (their sulfur content can be as high as 4.5 percent), and their most viscous kinds have to be stored in warmed containers and heated prior to pumping. Fuel oil number 6 is the residual product that is most commonly used by large diesel-powered ships. The higher heating value of this fuel is 43 MJ/kg or as much as 42.35 MJ/L, making it the most energy-dense fossil fuel that is in common use (fig. 2.8). But large modern marine diesels can also run, at one extreme, on unrefined crude oil and, on the other extreme, on any plant oil or waste cooking oils, and they can be also configured for the dual burning of liquids and gases, both natural and synthetic.

The maximum possible efficiency (η) of any heat engine that would operate reversibly without any increase of entropy is equal to 1 minus the quotient of the machine’s lowest (T1) and highest (Th) operating temperatures expressed in degrees Kelvin: η = 1 − T1/Th. This ideal cycle was described for the first time by Sadi Carnot (1796–1832) and carries his name. The Carnot cycle is an entirely theoretical concept because no real engine can work reversibly and transfer heat isothermally—that is, without any change of temperature (fig. 2.9). A 100 percent efficient engine would have to have its cold end at absolute zero. The maximum efficiency of an ideal Otto cycle is η = 1 − r1-γ, where r is the engine’s compression ratio (the ratio between the maximum and minimum volume of the combustion chamber) and γ is the heat-capacity ratio. With a compression ratio of 4 to 1 (typical of the earliest engines), the maximum would be about 40 percent. With r = 8 to 1 − 10 to 1 (typical of modern engines), the peak would be 55 to 60 percent.
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Figure 2.8

A comparison of the volumetric and gravimetric densities of common fuels shows the advantages of diesel fuel and kerosene for mobile applications (plotted from data in Smil 2008).
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Figure 2.9

A Carnot cycle graph (based on Smil 2008).

As with any heat engine, in practice only a fraction of this maximum is attainable because losses due to cooling and friction roughly halve that theoretical total. Lenoir’s earliest atmospheric engines had efficiencies of less than 5 percent, the Otto-Langen machine of 1867 eventually reached up to 11 percent, Otto’s first four-stroke engine of 1876 had its maximum at about 14 percent, and maxima of 20 percent were attained by the beginning of the twentieth century. The peak performance of today’s well-maintained and appropriately operated modern engines is about 32 percent, but typical rates for machines that have been in everyday use for some time is still no higher than 20 to 25 percent—that is, only a fifth or a quarter of a fuel’s chemical energy is transformed into kinetic energy supplied by the engine (van Basshuysen and Schäfer 2004).

In contrast (as I explain in detail in chapter 3), even during its very first certification tests in February 1897, Diesel’s engine was more than 25 percent efficient, and subsequent improvements raised the rate to 41 percent by 1911, approximately twice as high as the usual peak efficiencies of contemporary gasoline-fueled engines (Clerk 1911). The best efficiencies of today’s largest marine diesel engines are in excess of 50 percent (Wärtsilä 2009a; MAN 2009) while the peak performance of spark ignition engines (large, MW-sized stationary natural gas-fueled combined heat and power machines) is just over 40 percent. Moreover, diesel engines can burn a fuel of the lowest quality whose high sulfur content is too high to be used in land transportation. The higher compression ratio of diesel engines is the principal reason for this difference, but it is not easy to operate gasoline-fueled engines under higher pressure.

As the ignition wave propagates downward, high pressure and high temperature lead to a spontaneous combustion of the fuel, which sends a pressure wave in the opposite direction, resulting in a violent, engine knock. The only way to avoid this detonation (knocking or pinging) in the early gasoline-fueled engines was to hold the compression ratio below 4.3 to 1, a restriction that limited the engine efficiency. By 1921, a General Motors team led by Charles F. Kettering identified ethanol as an effective antiknocking ingredient (Lavine 1960). But during the 1920s, large-scale production of ethanol was too expensive, and bromine and iodine alternatives were even more costly.

A General Electric team led by Thomas Midgley confirmed on December 9, 1921, that tetraethyl lead was a highly effective antiknocking agent, even when added at concentrations as low as 1/1000 of the fuel’s volume (Midgley 2001). Leaded gasoline was marketed for the first time in February 1923, and its use allowed engineers to raise the compression ratio to the modern range of 8 to 1 up to 10 to 1. But as is well known, the use of this additive has come with substantial environmental and health costs. Lead’s effect on ecosystems and human health (as other heavy metals do, it poisons the central nervous system and results in the deterioration of mental capacities) eventually led to the phaseout of leaded gasoline that began in the United States in 1975 and was completed by 1990 (Kovarik 2005). Diesel engines, with compression-induced spontaneous combustion, do not need any sparking and hence have no problem with untimely detonation.

Gasoline-fueled spark-ignition engines have another limitation for which there has been no effective engineering solution: they are not practical in very large sizes. That is why their maximum displacement is about 10 liters and the highest rated power for an automotive engine (McLaren F1 LM) is 500 kW (680 hp). More powerful Otto-cycle four stroke engines are available for stationary applications (electricity generation, powering compressors): for example, MWM offers machines rated up to 3.6 MW and GE Energy’s most powerful range of engines has electrical output of up to 3 MW. But all of these machines are fueled by natural gas or biogas, not by gasoline, and even these largest spark-ignition engines are too small for many industrial applications, which can be readily serviced with diesel engines whose sizes now range over four orders of magnitude, from less than 10 kW (for small Yanmar outboard motors) to more than 80 MW (for the largest machines powering fast container ships). And regardless of their rated capacity, diesel engines have two other much appreciated advantages: they are admirably reliable and extremely durable.

The diesel engines that power heavy trucks can last easily more than 200,000 km before they need an overhaul, and some well-attested longevities are longer than 1 million km on the road (Charles River Associates 2000). Similarly, large diesels powering heavy freight locomotives can go for six years before an overhaul, and nothing better demonstrates the reliability of large two-stroke marine diesels that power all tankers, other bulk cargo carriers, and container ships than the fact that none of these ships has any backup engines to be used in the case of failure. Mechanical problems do happen during voyages, but in an overwhelming majority of cases, they can be resolved by a small crew of mechanics that is always onboard.

High-performance reciprocating aeroengines that are fueled by leaded gasoline made commercial aviation possible, but they have the same cost disadvantage when compared to gas turbines (Chevron Products Corporation 2000). At 0.81 (g/cm3 kerosene has a specific density that is about 13 percent higher than that of aviation gasoline (0.715 g/cm3), and with only marginally lower energy content (43.3 MJ/kg versus 43.7 MJ/kg for aviation gasoline) (see fig. 2.8), a plane can fly at least 10 percent farther with the same volume of fuel. The heavier fuel is also cheaper than gasoline and has lower evaporation losses at high altitudes. It is also safer, having a lower risk of fire during ground handling and producing more survivable crash fires. Gasoline-fueled long-distance aviation would not be just more expensive and less safe but also more uncomfortable and more tedious.

The vibration that is produced by piston strokes is a major source of discomfort and potentially a serious safety matter. It is tolerable as long as the piston pulses are virtually identical, but misfiring sparkplugs, leaky valves, and worn parts aggravate it, shaking the plane and eventually loosening rivets and pivots and also causing dangerous pilot fatigue (U.S. Air Force 1948; Scanlan and Rosenbaum 1951). Constant vibration was made worse because of the duration of long-distance flights and low cruising altitudes. The limited power of reciprocating engines kept the cruising speeds well below 500 km/h. The Douglas DC-3—the most common and most durable piston-powered commercial airplane and introduced in 1935 (fig. 2.10)—cruised at just 240 km/h (the landing speed of modern jetliners) at an altitude of about 6 km (its ceiling was 7.3 km), well within the most active layer of the troposphere, where airplanes encounter frequent turbulence (Taylor 1989). Four Wright Twin Cyclone engines of the Boeing 31 Clipper, first used in 1938 on trans-Pacific routes by Pan American World Airways, made it possible to fly to Asia with speeds up to 320 km/h.
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Figure 2.10

A Douglas DC-3, the most successful piston-powered airplane in history.

Photograph courtesy of American Airlines.

And even the four-engine Super Constellation, the fastest and the most powerful post–World War II piston-powered airliner, could not manage more than 520 km/h at the same altitude (Taylor 1989). In contrast, the first passenger jet, the British Comet, cruised at about 725 km/h, and today’s jetliners cruise at more than 900 km/h at maximum altitudes of up to 12,500 m (Cowell 1976). Trans- and intercontinental flights are typically two to nearly four times (when counting the refueling stops that were necessary on long flights) faster than they were in the piston-engine era. And because the rapid rotary motion of gas turbines produces much less vibration than the reciprocating motion of piston engines and because jets can fly in the highest reaches of the troposphere (well above all but a small fraction of the atmospheric turbulence), jet flights are incomparably smoother.

There is no doubt that the global trade in raw materials, foodstuffs, and manufactured goods would have grown during the latter half of the twentieth century even if ships continued to be powered only by steam engines. Similarly, there is no doubt that the extent and frequency of intercontinental flights that were powered by high-performance piston engines would have expanded much beyond its pre-World War II level. But there is also no doubt that neither global trade nor intercontinental flights activity would have reached such levels of unit capacity, speed, reliability, convenience, and low prices as have been possible because of diesel engines and gas turbines.

The eventual outcome of these relatively rapid developments—the global dominance of these efficient prime movers and their now indispensable roles in sustaining economic globalization, the rising interdependence of nations, and high personal mobility—could have been a sound theoretical expectation, but the road to the technical supremacy and economical indispensability of these two prime movers was not (particularly in the case of diesel engines) a matter of inevitable, autonomous advances. The commercialization and worldwide diffusion of diesel engines and gas turbines were governed at least as much by national peculiarities (most notably by the early German lead in engine design and by America’s post–World War II dominance of aerospace design) as by general historical circumstances and technical and economic imperatives.
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